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TECHNIQUES APPLICABLE TO MAS8 SPECTROMETRY 
OF GASEOUS TRACE CONTAMINANTS 

n 

SUMMARY 

(1) I n  a n  e x p l o r a t o r y  s tudy ,  an experimental  cryogenic  t a r g e t  ho lde r  
f o r  t h e  GCA p ro to type  ion  microprobe mass spectrometer  w a s  b u i l t  and tes ted 
t o  e v a l u a t e  i t s  use i n  t h e  a n a l y s i s  of condensed gases  and vapors.  The 
ho lde r  w a s  cooled t o  temperatures of about -180OC. 
gated were C 0 2 ,  NH3, H20, and heptane.  Argon ions were Gsed as t h e  p r imary  
( s p u t t e r i n g )  i o n s ,  and mass s p e c t r a  of secondary ions  were observed. Two 
methods of sample d e p o s i t i o n  were employed: ( a )  t h e  continuous d e p o s i t i o n  
of m a t e r i a l  d i r e c t e d  a t  t h e  cooled t a r g e t  by a hypodermic i n l e t ,  whi le  
s p u t t e r i n g ,  and ( b )  s a m p l e  d e p o s i t i o n  on to  t h e  cooled t a r g e t  p r i o r  t o  
s p u t t e r i n g .  Complete coverage of tk s p u t t e r i n g  area w i t h  s a m p l e  m a t e r i a l  
w a s  achieved only i n  t h e  second c a s e .  When t h e  coverage w a s  incomplete,  
l a r g e  s i g n a l s  of i o n s  i n d i c a t i n g  i n t e r a c t i o n  of sample  w i th  the  s u b s t r a t e  
m a t e r i a l  ( tantalum, gold,  copper)  were observed. With a complete coverage, 
ammonia and water  vapor gave r i s e  t o  p r o l i f i c  c l u s t e r  i on  formation.  Hep- 
t a n e  d id  not  show t h i s  e f f e c t .  The s p e c i f i c i t y  of sample-substrate  i n t e r -  
a c t i o n  may have s i g n i f i c a n t  a n a l y t i c a l  a p p l i c a t i o n .  

The m a t e r i a l s  i n v e s t i -  

I 
(2)  The a p p l i c a t i o n  of charge t r a n s f e r  as a process  f o r  i o n i z i n g  a 

gas  sample  i n  the  ion  source of a iiiass spectrometer  w a s  i n v e s t i g a t e d .  The 
charge t r a n s f e r  i on  source c o n s i s t e d  of a d i scha rge  source as t h e  primary 
ion  g e n e r a t o r ,  an i n t e r a c t i o n  chamber t o  which both primary ions and 
sample gas are 'admitted and e x t r a t i o n  and focus ing  e l e c t r o d e s  f o r  t h e  
p rocess ing  of t h e  remaining p r i m a r y  ions  and generated secondary (sample)  
iorls. The i n t e n s i t i e s  of t h e  secondary ions i n c r e a s e  wi th  i n c r e a s i n g  
primary ion  c u r r e n t s ,  w i t h  i n c r e a s i n g  sample c o n c e n t r a t i o n  and wi th  i n -  
c r e a s i n g  r e s idence  time of t h e  primary ions i n  t h e  i n t e r a c t i o n  chamber. 
The source  c o n f i g u r a t i o n  i n v e s t i g a t e d  r e q u i r e s  e x t r a c t i o n  f i e l d s  of 
5 vo l t s / cm o r  h ighe r .  A t  lower f i e l d  s t r e n g t h  t h e  e x t r a c t i o n  e f f i c i e n c y  
d e c r e a s e s .  S e n s i t i v i t i e s  achieved wi th  t h e  source are of t h e  o rde r  of 
amps l to r r  f o r  t h e  gases  and vapors;  C02, CS$, NH3, CgHg, N 2 0 ,  S02. The 
s e n s i t i v i t i e s  a r e  s e v e r a l  o r d e r s  of magnitu e lower than  those observed f o r  
e l e c t r o n  impac t  sou rces ;  however, no pronounced disadvantage r e s u l t s  from 
t h e  lower s e n s i t i v i t i e s ,  s i n c e  t h e  a p p l i c a b l e  sample  p re s su res  can be h i g h e r .  

Two major problems remain: One is  t h e  p e r t u r b i n g  i n f l u e n c e  of a i r  and 
moi s tu re  i m p u r i t i e s  i n  t h e  c a r r i e r  gas upon t h e  composition of t h e  primary 
ion  beam. The o t h e r  i s  i o n i z a t i o n  of sample gas by p rocesses  occur ing  i n  
a d d i t i o n  t o  charge t r a n s f e r ,  mainly i n t e r a c t i o n  of s a m p l e  gas wi th  t h e  
boundary of t h e  p r i m a r y  ion  d i scha rge  source .  To overcome t h e s e  d i f f i c u l t i e s ,  
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t h e  t e s t  des ign  w i l l  have t o  be modified.  However, t he  b a s i c  a p p l i c a -  
b i l i t y  of charge t r a n s f e r  as t h e  source of ions i n  a n a l y t i c a l  mass spee- 
t rometry has been demonstrated.  

( 3 )  Resonance s c a t t e r i n g  from xenon of t h e  14708 xenon resonance 
l i n e  has been i n v e s t i g a t e d  wi th  r e s p e c t  t o  i t s  use  as a c a l i b r a t i o n  
technique f o r  u l t r a - h i g h  vactium gauges. I t  i s  shown t h a t  a s u i t a b l e  
l i g h t  source i s  t h e  most important component i n  t h e  o v e r a l l  system, 
because t h e  p r o f i l e  of t h e  e m i t t e d  l i n e  determines t h e  e f f e c t i v e  r e s o -  
nance s c a t t e r i n g  c r o s s  s e c t i o n .  T h r e e  d i f f e r e n t  l i g h t  sources  were 
i n v e s t i g a t e d  and compared t o  e v a l u a t e  t h e i r  s u i t a b i l i t y  t o  resonance 
s c a t t e r i n g :  ( a )  a small dc c a p i l l a r y  l i g h t  sou rce ,  (b)  an  ac pulsed 
(Tanaka) sou rce ,  and ( c )  a microwave powered source .  O p t i m u m  o p e r a t i n g  
c o n d i t i o n s  were determined f o r  each source .  The microwave source  ope ra t ed  
w i t h  a window c l o s e  t o  t h e  d i scha rge  r eg ion  w a s  found t o  produce.optima1 
s c a t t e r i n g  s i g n a l s .  
d e t e c t o r  used i n  t h e  pu l se  count ing mode it would enable  the  d e t e c t i o n  
of xenon down t o  p r e s s u r e s  of 1.5 x t o r r .  An even lower d e t e c t i o n  
l i m i t  ,is a n t i c i p a t e d  when a Bendix Channeltron m u l t i p l i e r  d e t e c t o r  i s  
emp loyed . 

I n  con junc t ion  wi th  an  EMR uv p h o t o m u l t i p l i e r  

2 



I .  INTRODUCTION 

Th i s  r e p o r t  d e s c r i b e s  t h e  p rogres s  achieved under Con t rac t  N o .  
NAS12-641, which invo lves  a s tudy on t h e  d e t  
contaminants .  The e f f o r t  i s  d i v  
d i f f e r e n t  experimentat ion and he 
t h r e e  work a r e a s  may be s p  
a cryogenic  t a r g e t  ho lde r  t h e  GCA s o l i d s  
f o r  t h e  purpose of gas s o l i d i f i c a t i o n  and a n a l y s i s ,  (2)  a s tudy  of t 
f e a s i b i l i t y  of u t i l i z i n g  charge t r a n s f e r  as t h e  sou rce  of s a m p l e  i on -  
i z a t i o n  i n  a gas a n a l y t i c a l  mass spectrometer ,  ( 3 )  a f e a s i b i l i t y  
s tudy f o r  t h e  use  of resonance scattering as a means of p r e s s u r e  gauge 
c a l i b r a t i o n  i n  t h e  u l t r a - h i g h  vacuum reg ion .  I n  t h e  p re sen t  r e p o r t  
t h e s e  items a r e  t r e a t e d  s e p a r a t e l y ,  i n  the o r d e r  given above. Thus 
S e c t i o n  II d e s c r i b e s  an e x p l o r a t o r y  cryogenic  s a m p l e  h o l d e r  and g ives  
t e s t  r e s u l t s  obtained by carbon d i o x i d e ,  ammonia, water vapor, and hep- 
t a n e .  S e c t i o n  111 d e a l s  w i th  t h e  concept of a charge t r a n s f e r  mass 
spectrometer  i on  source ,  g ives  d e s i g n  c r i t e r i a  and c o n s t r u c t i o n  de ta i l s  
of such a source ,  and r e s u l t s  of an experimental  i n v e s t i g a t i o n  i n t o  i t s  
s u i t a b i l i t y .  Sec t ion  I V  d e r i v e s  t h e o r e t i c a l l y  t h e  optimum c o n d i t i o n s  
f o r  resonance s c a t t e r i n g ,  d e s c r i b e s  a s u i t a b l e  appa ra tus ,  inc’luding 
l i g h t  sources  and d e t e c t o r s  and f i n a l l y ,  p r e s e n t s  r e s u l t s  of a s tudy 
devoted t o  op t imiz ing  l i g h t  source o p e r a t i n g  c o n d i t i o n s  f o r  t h e  r equ i r ed  
a p p l i c a t i o n .  
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11. EXPLORATION OF A CRYOGENIC SAMPLE HOLDER FOR 
THE GCA MICROPROBE BEAM SPECTROMETER 

1. I n t r o d u c t i o n  

The ion  microprobe s o l i d s  a n a l y s i s  mass spec t rometer  developed a t  
GCA has  prosen t o  be a u s e f u l  and s e n s i t i v e  too l  i n  t h e  a n a l y s i s  of  s o l i d s .  
The b a s i c  f e a t u r e  o f  t h i s  instrument i s  t h e  bombardment of  t h e  sample 's  
s u r f a c e  w i t h  an i n t e n s e  beam of noble gas  i o n s ,  u s u a l l y  argon i o n s ,  gen- 
e r a t e d  i n  a duoplasmatron s o u r c e .  The r e s u l t i n g  s p u t t e r i n g  of  sample matc- 
r i a l  g ives  r i s e  t o  secondary ions  which are c h a r a c t e r i s t i c  o f  t h e  s a m p l e  
mater ia l .  These secondary ions  are mass analyzed i n  a double focusing 
mass spec t rometer  and are d e t e c t e d  w i t h  an  e l e c t r o n  m u l t i p l i e r  u n i t .  I n  
convent ional  o p e r a t i o n ,  t h e  instrument  is  not  s u i t e d  f o r  t h e  a n a l y s i s  of  
gases .  Thus. i t  was of i n t e r e s t  t o  determine t h e  modi f ica t ions  r e q u i r e d  
t o  make gas a n a l y s i s  w i th  t h i s  instrument  f e a s i b l e .  The most l o g i c a l  ap- 
proach appeared t o  develop a cryogenic  sample p la t form as t h e  base f o r  t h e  
condensat ion o f  gases  o r  gas mixtures  t h a t  were t o  be analyzed.  Secondary 
ions  r e s u l t i n g  from s p u t t e r i n g  t h e  condensate could then  be analyzed i n  
t h e  u s u a l  manner. The fol lowing s e c t i o n s  o f  t h i s  r e p o r t  d e s c r i b e  f i r s t  
an  experimental  cryogenic  sample h o l d e r ,  t hen  t h e  r e s u l t s  ob ta ined  wi th  
i t  u s i n g  s i m p l e  coqdensable gases  such as carbon d i o x i d e ,  ammonia, water 
vapor and hep tane .  

2 .  Experimental  Cryogenic Sample Holder 

The sample h o l d e r  must f i t  between t h e  suppor t  rods of t h e  duoplas-  
matron beam a n a l y z e r  p l a t e s  (3/4- inch maximum s p a c i n g ) ,  and provide a s u r -  
f ace  a t  45 degrees  to t h e  i n c i d e n t  beam t o  accommodate t h e  e l l i p t i c a l  s p u t -  
t e r i n g  area of about 1 x 0 . 7  cm. If t h e  condensate  i s  t o  be s p u t t e r e d  o f f  
a s u b s t r a t e ,  t h e  s u b s t r a t e  should (1) be r e s i s t a n t  t o  s p u t t e r i n g ,  (2) pro-  
duce ions  which w i l l  not i n t e r f e r e  w i t h  t h o s e  of  t h e  sample, and (3) have 
a good thermal c o n d u c t i v i t y  t o  accommodate t h e  h e a t  i npu t  from the i o n  
bombardment. Tantalum meets t h e s e  c o n d i t i o n s  f a i r l y  w e l l ,  except  t h a t  i t s  
thermal  c o n d u c t i v i t y  is  poor. Copper and gold have good thermal conduc- 
t i v i t i e s ,  b u t  t h e i r  s p u t t e r i n g  rates are h i g h e r  t h a n  tha t  of tantalum. I n  

' t h e  p r e s e n t  work, a l l  t h r e e  materials were used a t  v a r i o u s  s t a g e s .  

The p r i n c i p a l  f e a t u r e s  of t h e  experimental  s a m p l e  h o l d e r  are shown i n  
F igu res  1 and 2 .  The cryogenic  h o l d e r  w a s  mounted on to  a f l ange  s imi l a r  
t o  t h a t  o f  t h e  t a r g e t  h o l d e r  normally used w i t h  t h e  p ro to type  instrument  
s o  t h a t  a s i m p l e  exchange w a s  made p o s s i b l e .  I s o l a t i o n  of  t h e  t a r g e t  v o l t -  
age was accomplished by Kovar t o  g l a s s  seals.  Cooling w a s  e f f e c t e d  by 
pass ing  t ank  n i t r o g e n  gas  through a copper c o i l  immersed i n  l i q u i d  n i t ro -  
gen and then  through a s m a l l  g l a s s  tube c o n c e n t r i c  w i t h  t h e  Kovar-glass 
assembly. In  t h i s  manner, temperatures  of  -170' t o  -180° were a t t a i n e d  
as v e r i f i e d  by measurement w i t h  a thermocouple. 
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Figure 1. Cryogenic holder; s i d e  v i e w .  
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I n  t h e  i n i t i a l  experiments t h e  gas o r  vapor t o  be udied w a s  i n t r o -  
duced through a s t a i n l e s s  s t e e l  hypodermic tub ing  p r o j e  ing  i n t o  t h e  
cryogenic  platform.  I n  la ter  experiments ,  t h e  hypoderm manif o Id w a s  
removed and t h e  sample gas was introduced i n t o  t h e  t a r g  chamber d irec t l y  
w i t h  the  pump valve c l o s e d ,  u n t i l  a s u f f i c i e n t  eondensa had b u i l t  up. 

The t a r g e t  p l a t fo rm was copper s h e e t  brazed t o  t h e  Kovar c y l i n d e r .  
Onto t h e  copper,  a t h i n  tantalum s h e e t  was brazed. Subsequently,  t h e  
tantalum was replaced by gold,  and f i n a l l y ,  i n  a s e r i e s  of experiments 
t h e  copper p l a t fo rm was used d i r e c t l y .  
beam was used. The beam was defocused t o  o b t a i n  a low s p u t t e r i n g  rate 
and optimum h e a t  d i s s i p a t i o n .  

I n  a l l  experiments,  an  argon i o n  

3 .  Energy Window 

I n  the  fol lowing,  use w i l l  be made of a s p e c i f i c  f e a t u r e  of t h e  GCA 
in s t rumen t ,  namely the  s e l e c t i o n  of an  "energy window" i n  t h e  a n a l y s i s  of 
secondary ions .  T h i s  term w i l l  be b r i e f l y  d i scussed  be fo re  the  r e s u l t s  
are  presented.  

When the  s o l i d  i s  s p u t t e r e d ,  both n e u t r a l  and ionized atomic and 
polyatomic fragments are gene ra t ed .  A study(Ref .  1)  of t h e  i n i t i a l  e n e r g i e s  of 
t h e  secondary ions f o r  a number of s p e c i e s  has  shown t h a t  i n g e n e r a l  atomic 
ions  have a broader energy d i s t r i b u t i o n  than  polyatomie o r  molecular i ons ,  
i . e . ,  a s u b s t a n t i a l  number of atomic ions  have high e n e r g i e s .  This  i s  
shown i n  F igu re  3 f o r  A P  and ARn+ ions generated from the  s p u t t e r i n g  of 
an  Ai-Mg a l l o y  with 12 keV Ar+.  
cepted by t h e  mass spectrometer  remains c o n s t a n t  a t  50 e V ,  one can: 
s e l e c t  t he  average value of t h e  accepted i n i t i a l  i o n  e n e r g i e s  by an appro- 
p r i a t e  s e t t i n g  of t h e  t a r g e t  ho lde r  p o t e n t i a l .  Thus, t he  mass ana lyses  
can be made t o  sample a 50 e V  energy window a long  t h e  energy d i s t r i b u t i o n  
curve.  This  i s  shown as shaded a r e a s  i n  t h e  f i g u r e .  With t h e  energy 
window a t  t h e  lower i n i t i a l  i on  energy p o r t i o n  of t h e  d i s t r i b u t i o n  cu rves ,  
polyatomic as w e l l  as atomic s p e c i e s  are seen i n  t h e  mass s p e c t r a .  When 
t h e  energy window is  placed a t  t h e  h ighe r  energy end of t h e  cu rves ,  
e s s e n t i a l l y  only atomic ions are  recordkd i n  t h e  s p e c t r a .  By varying t h e  
energy window and fo l lowing  t h e  i n t e n s i t y  changes of s e l e c t e d  peaks, 
i n t e r f e r e n c e s  a t  c e r t a i n  masses can be eva lua ted ,  f o r  example, Si2+(56$ 
ve r sus  Fe+(56). I n  a d d i t i o n ,  t h e  polyatomic s p e c t r a  provide a n  i n s i g h t  
i n t o  bonding c h a r a c t e r i s t i c s  and wi th  s u i t a b l e  c a l i b r a t i o n s  can y i e l d  
in fo rma t ion  about s to i ch iomet ry .  I n  t h e  fo l lowing  experiments ,  most of 
t h e  s p e c t r a  were ob ta ined  wi th  t h e  energy window se t  t o  E, = 0 e V .  

While t h e  width of t h e  energy band ac- 

4 .  Resu l t s  of t h e  Evaluat ion of t h e  Cryogenic Sample Holder 

- a .  
F igu re  4 h 
t h e  hypodermic i n l e t  over t h e  n o n r e f r i g e r a t e d  Ta s u b s t r a t e .  The secondary 
beam adjustments  were such t h a t  a maximum i n t e n s i t y  of t he  CO -b peak w a s  2 
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+ 2 + + + + +  Figure 3 .  Energy distribution of AP , A; , A i 2 ,  L ~ I , , ,  Mg , Na , + + Ar sputtered from an AE-Mg-alloy w i t h  1 2  ticV Ar . 

(All intensities normalized to "one". 

8 



.n 

n u 
0 
rn 
N 

a 
3 
0 
P 
cd 
a 
4J 
Ed 
34 u 
VI 
P 
3 
v) 

E1 
rl 
cd u 
C 
cd u 
W 

a a 
.rl 

3 
.rl 
a 
C 
0 
P 
k 
cd 
0 

9 



ob ta ined .  With t h e  energy window s e t  a t  0 eV, t h e  spectrum inc ludes  ions  
of thermal  v e l o c i t y .  F igu re  5 shows a similar spectrum obtained w i t h  a n  
energy window of 20  e V ,  r e v e a l i n g  a dec rease  of C02+, which i s  i n  accordance 
w i t h  e x p e c t a t i o n .  

The spectrurd i n  F igu re  6 was ob ta ined  wi th  C02 flow o n t o  t h e  r e f r i g -  
e r a t e d  s u r f a c e  and t h e  energy window a t  0 eV. The presence of t h e  sub- 
s t ra te  s i g n a l  i n  t h e  s p e c t r a  i n d i c a t e s  incomplete coverage of t h e  s u b s t r a t e  
s u r f a c e .  
d u r i n g  s p u t t e r i n g  i n  both t h e  c ryogen ic  and noncryogenic s p e c t r a  is 
i n d i c a t e d  by t h e  l a r g e  peaks due t o  TaO+, T a d ,  TaC2+, and Taco+. 
t h e  r a t i o s  of Ta+, TaO+, and Ta02+ almost correspond t o  those  ob ta ined  i n  
s p u t t e r i n g  bulk Ta205 o r  tantalum i n  t h e  presence of a h igh  02 background. 
The cryogenic  c o n d i t i o n  shows a s i g n i f i c a n t  i n c r e a s e  i n  t h e  TaCO' i n t e n s i t y  
which amounts t o  a seven-fold i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  of 602 a t  t h e  
s u r f a c e .  This  "enrichment" f a c t o r  i s  a l s o  e v i d e n t  i n  t h e  r a t i o s  of t h e  
t o t a l  i n t e n s i t i e s  of t h e  carbon-oxygen s p e c i e s  t aken  a t  E, = 2 0  e V  f o r  
c ryogen ic  and noncryogenic o p e r a t i o n ,  shown i n  Table  I .  Th i s  t a b l e  g ives  
observed peak i n t e n s i t i e s  f o r  cryogenic  and noncryogenic c o n d i t i o n s  as 
w e l l  as t h e  i n t e n s i t y  f r a c t i o n s  of t h e  s p e c i e s  de r ived  from C02. 

T h a t  a s i g n i f i c a n t  i n t e r a c t t o n  of C02 w i t h  t h e  tantalum e x i s t s  

I n  fact ,  

An examination of t h e  20-eV data  shows no major d i f f e r e n c e s  i n  t h e  
polyatomic s p e c t r a  i n  the  noncryogenic versus  cryogenic  c o n d i t i o n s  i n d i -  
c a t i n g  no a p p r e c i a b l e  in t e rmolecu la r  bonding f o r c e s  e x i s t  between t h e  C02 
molecules chemisorbed o r  condensed on t h e  tantalum s u r f a c e .  

To s tudy  t h e  r o l e  of t h e  s u b s t r a t e  i n  t h e  s p u t t e r i n g  of carbon d i o x i d e ,  
t h e  above experiments were repeated u s i n g  gold as a s u b s t r a t e .  For  t h i s  
purpose,  t h e  brazed t an ta lum s h e e t  was removed from t h e  cryogenic  p l a t -  
form and a 0.005-inch t h i c k  gold f o i l  app l i ed  t o  t h e  copper s u b s t r a t e .  
Both s u r f a c e s  were wetted wi th  indium and pressed t o g e t h e r  subsequent t o  
h e a t i n g  t h e  assembly t o  t h e  m e l t i n g  p o i n t  of indium. Desp i t e  c a r e ,  
indium appeared i n  t h e  s p e c t r a .  

A s  prev ious ly ,  t h e  carbon d i o x i d e  w a s  introduced through t h e  hypodermic 
manifold and a s t e a d y - s t a t e  f low c o n d i t i o n  w a s  maintained a t  a chosen 
p r e s s u r e  d u r i n g  t h e  s p u t t e r i n g .  Traces  were t aken  a t  energy windows of 
0 and 2 0  eV f o r  both cryogenic  and noncryogenic c o n d i t i o n s .  
f o r  t h e  energy window s e t  a t  0 e V  are shown i n  F igu res  7 and 8. The 
i n t e n s i t i e s  of t h e  c h a r a c t e r i s t i c  peaks w e r e  measured and are shown i n  
Table  11. Comparison of t h e  s p u t t e r e d  i o n  i n t e n s i t y  f r a c t i o n s  f o r  t a n -  
talum (Table I )  and gold i n d i c a t e s  less C02 i n t e r a c t i o n  w i t h  go ld .  
Niriety-two p e r c e n t  of t h e  ion  i n t e n s i t y  a s s o c i a t e d  w i t h  C02 on gold i s  
C02+ ve r sus  62 p e r c e n t  f o r  tantalum. The r e s u l t s  sugges t  t h a t  i o n  f r a g -  
ments of C02 must o r i g i n a t e  mainly from 602 which i s  e i t h e r  condensed o r  
chemisorbed on a s o l i d  s u r f a c e ,  o the rwise  t h e  i o n  i n t e n s i t y  f r a c t i o n s  
would be t h e  same i n  both cases. 

The s p e c t r a  
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TABLE I 

DISTRIBUTION OF IONS SPUTTERD FROM CARBON DIOXIDE ON A 
TANTAWM SUBSTRATE; DEFOCUSED BEAM OF 10 keV Ar+ 

E = O e V  

No Refrigerant; > 25OC Refrigerant ; - 17 0'6 
= 1.1 x 10'6 mm 

co2 
= 1.2 x 10-6 m P 

I x 1010 IX+/clX+ lx+/cxx+ .r;+ 

co2 
Species, X+ P 

I x 1010 
Xt- 

C+ 

o+ 
9.0 0.066 

14.0 0.10 

27.0  0.11 

65.0 0.25 

co+ 20.0 0.15 26.0 0.10 

L 

c 30+ (C r+ 

C2 02+ (F e+> 

0.5 0.0037 1.5 0.0056 

4.5 0.033 5.5 0.021 

85.0 0.62 130.0 0.49 

0.23 0.0017 

0.41 0.003 

0.27 0. ob11 
0.56 0.0022 

Ew = 20 eV 

No Refrigerant; > 25OC Refrigerant; - 170°C 
+ Species , X  = 1.1 x 10-6 mm 

co2 
P = 1.2 x 10-6 mm P 

x+ I x 1o1O I +/iI + IX+Px+ X+ X X 
co2 10 I x 10 

c+ 3.2 0.33 2 3 . 0  0.34 

O+ 4.3 0.45 37.0 0.55 

co+ 1.2 0.13 3.0 0.045 

02+ 0.28 0.029 0.42 0.0063 

C20+(Ar+) 0.14 0.015 

c02+ 0.25 0.026 

0.37 0.0055 

2.7 0.040 - 

c 3 ~ +  (cS ) 0.08 0.0083 0.09 0.0015 

c202 (FE+) 0.1 0.01 0.20 0.003 

+ NB. A l l  spectra were obtained by adjusting secondary optics for maximum C02 
intens ity . 
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TABLE I1 

DISTRIBUTI~N OF IONS SPUTTERED FROM CABBON DIOXIDE ON A 
GOLD SUBSTRATE; DFFOCUSED BEAM OF 10 keW Ar+ 

E = O e V  
W 

No R e f r i g e r a n t ;  R e f r i g e r a n t  ; 

Spec ie s ,  X+ P ~ 2 x 1 0  mm P = 1.2 x m -6 

x+ 
I 

c02 10 I x 10 
Xt 

C+ 

O+ 

eo+ 

02+ 

eo2+ 

c203+ 

C20+ (A&) 

C ~ O +  (cr+> 

C202+(Fe+) 

1.0 

1.4 

9.5 
0.03 

0.007 

0.01 

0.067 

0.0002 

16.0 

20.0 

20.0 

1.4 

4.2 

160.0 

0.09 

0.45 

0.09 

0.072 

0.09 

0.09 

0.006 

0.019 

0.72 

0.0004 

0.002 

0.0004 

E = 20 eV 
- 

No R e f r i g e r a n t  ; R e f r i g e r a n t  ; 

Spec ie s ,  X+ P = 2 x 10 mm = 1.2 x mm -6 

co2 10 
I + X  10 

X 



The r o l e  of primary energy i n  t h e  d i s t r i b u t i o n  of s p u t t e r e d  species 
from C02 was examined wi th  t h e  energy window Ew = 0 e V .  
of C02 and r e f r i g e r a n t  w a s  maintained.  A f t e r  each ch 
v o l t a g e ,  readjustment  of t h e  secondary i o n  o p t i c s w a s  
mum C02+ peak i n t e n s i t y .  The r e s u l t s  are 
f i g u r e s  show t h a t  t h e  m a j o r i t y  of t h e  i n t  
i n c r e a s i n g  energy. T h i s  i s  p a r t i c u l a r l y .  
s i t i e s  of C02+, however, i n c r e a s e .  The ii 
i n  t h e  1202' i n t e n s i t y  f r a c t i o n  f o r  gold o 
two o r d e r s  of magnitude. Figure 10 shows t h a t  t h e  i n t e n s i t y  i n c r e a s e  of 
t h e  t o t a l  i o n  i n t e n s i t y  ve r sus  primary energy d e p a r t s  r a d i c a l l y  from 
l i n e a r i t y  above 6 keV f o r  t he  carbon d iox ide  gold system, The f a c t  t h a t  
t he  s p e c t r a  obtained wi th  E, = 0 eV c o n s i s t  of peaks de r ived  from s p u t t e r -  
i n g  of C02 condensed on t h e  substrate,CO* chemisorbed on i t ,  C02+ formed 
by i n t e r a c t i o n  G i t h  t h e  vapor,  makes i t  d i f f i c u l t  t o  d e r i v e  a d e t a i l e d  
exp lana t ion  f o r  t h e  observed behavior .  I n  a d d i t i o n ,  i t  must be recog- 
nized t h a t  i n c r e a s i n g  t h e  primary ion  energy a l s o  i n c r e a s e s  t h e  h e a t  
i ypu t  t o  the s p u t t e r e d  sample, However, i t  i s  c lear  t h a t  lowering t h e  
primary ion energy does not  dec rease  t h e  amount of fragment ion  formation 
as might be a n t i c i p a t e d .  

A 

The s p e c i f i c i t y  of g a s - s u b s t r a t e  i n t e r a c t i o n s  is demonstrated i n  
F igu re  8. The s p u t t e r  i on  y i e l d  f o r  indium i s  l a r g e r  t h a n  t h a t  of go ld .  
The complexing of indium wi th  H 2 0 ,  p r e s e n t  e i t h e r  as a contaminant i n  t h e  
CO2 o r  i n  t h e  t a r g e t  chamber, is  more pronounced than  t h a t  w i th  gold,  
wherels  t h e  formation of AuCOf i s  favored r e l a t i v e  t o  InCO+. 
complex i s  t h e  major species i n  t h e  indium i n t e r a c t i o n .  Gold may a c t  
s i m i l a r l y  bu t  t he  corresponding peak was not  i n  t h e  observable  mass 
range.  

The InCO2+ 

b. Ammonia, simultaneous s p u t t e r i n g  and sample  d e p o s i t i o n .  - Since  
carbon d iox ide  has a f i n i t e  vapor p r e s s u r e  a t  -17OoC, a more condensable 
gas w a s  used n e x t ,  t o  e v a l u a t e  the  cryogenic  ho lde r .  Ammonia appeared t o  
be a s u i t a b l e  cho ice .  

The experiments were conducted with t h e  gold s u b s t r a t e .  Ammonia 
w a s  int roduced i n  t h e  same manner as C02 and s p e c t r a  t aken  under cryo-  
genic  and noncryogenic c o n d i t i o n s  were compared. The r e s u l t s  are shown 
i n  Tables  111, I V ,  and V and i n  F igu res  11 and 12. The ease wi th  which 
an  H atom is removed from NH3 i s  evidenced by t h e  f a c t  t h a t  NH2+ i s  t h e  
predominant s p e c i e s  i n  t h e  noncryogenic case .  
p l e x  polyatomic ions i n  t h e  s p e c t r a  sugges t s  s t r o n g e r  in t e rmolecu la r  
bonding f o r c e s  i n  s o l i d  ammonia ve r sus  s o l i d  carbon d iox ide .  

The presence of more com- 

The sum of t h e  s p u t t e r e d  ion  i n t e n s i t i e s  of C02 and NH3 are  compared 
i n  Table 111. 
f o r  t he  cryog case of NH3 on gold.  
peaks of [Au (NH3)]+  and [Au (NH3)2]+ are now observed. The much lower 
i n t e n s i t i e s  of t h e s e  s p e c i e s  i n  the  noncryogenic case may be a t t r i b u t e d  
t o  t h e  p o s s i b i l i t y  t h a t  ammonia molecules impinging on t h e  s p u t t e r e d  

A s i g n i f i c a n t  r educ t ion  of t h e  N H 3  i n t e n s i t y  is e v i d e n t  
On t h e  o t h e r  hand, very l a r g e  
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TABU 111 

COMPARISON OF TOTAL I O N  INTENSITIES; E, = 0 eV 

System Noncryogenic 

Ta - C02 134 

AU - C02 142 

AU - NH3 12 90 

2 56 

22 3 

162 

TABLE IV 

DISTRIBUTION OF IONS SPUTTERED FROM AMMONIA ON A GOLD SUBSTRATE; 
DEFOCUSED BEAM OF 10 keV Ar+; E, = 0 eV; PNH = 1.3 x 10'6mm 

3 

~ 

No Refrigerant Refrigerant; - -17OoC 
I x 1010 I +/XIx+ xt X 

I x 1010 xt- Species, xt 

H+ 

d- 
NH+ 

N H ~ +  

H2+ 

NH2+ 
KHL, + 
N2+ 

11.0 

8.5 

3.0 

3.5 

680.0 

310.0 

2 . 4  

270.0 

0.0009 

0.0066 

0.0023 

0.002 7 

0.54 

0.24 

0.0019 

0.2 1 

- 2.8 ,-" 0.02 

- 3.4 - 0.02 

1.5 0.0093 

0.45 0.0028 

27 . O  0.17 

25.0 0.15 

11.0 0.068 

90.0 0.56 

N3 tit 1.3 0.0001 0.760 0.0047 

NB. A l l  spectra were obtained ing f imum N H ~ +  intensity. 
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TABLE V 

DISTRIBUTION OF IONS SPUTTERED FROM AMMONIA ON A GOLD SUBSTRATE; 
mm DEFOCUSED BEAM OF 10 keV Ar+; E, = 25-40 eV; P = 1.3 x 

NH3 

No Refrigerant Refrigerant; - -170OC 
I L+ pX+ I x+ lolo I+/=IXf 

I d 1o1O x+ Species, X+ 

H+ 

H2+ 
h* 

NH+ 

0.95 
---- 
0.13 

0.08 

0.04 

0.005 
---- 
0.005 

0.79 
- - - -  
0.11 

0.066 

0.033 

0.004 
---- 
0.004 

1.5 

0.05 

0.28 

0.42 

0.25 

0.12 

0.03 

0.012 

0.59 

0,019 

0.11 

0.16 

0.10 

0.047 

0.012 

0.0047 
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s u b s t r a t e  a r e  n o t  chemisorbed but  fragmented and t h e  fragments do n o t  
a s s o c i a t e  t o  any degree wi th  t h e  s p u t t e r e d  gold ions  o r  atoms o r  w i t h  
t h e  gold s u r f a c e .  The p o s s i b i l i t y  of f ragmentat ion o r  d i s s o c i a t i o n  may 
e x p l a i n  t h e  very l a r g e  N2+ i n t e n s i t i e s  observed i n  t h e  s p e c t r a .  The N2+ 
peak dec reases  upon r e f r i g e r a t i o n  which makes i t  u n l i k e l y  t h a t  it i s  due 
t o  gaseous ammonia c l u s t e r  formation. 
peak a l s o  i n d i c a t e d  t h a t  N2+ does no t  r e s u l t  from a n  i n t e r a c t i o n  wi th  
r e s i d u a l  a i r  i n  t h e  t a r g e t  chamber. 
f ragmentat ion of ammonia a t  t h e  s u b s t r a t e  s u r f a c e ,  far less fragmentat ion 
o r  d i s s o c i a t i o n  should occur a t  lower temperatures  due t o  t h e  b u i l d  up of 
a chemisorbed phase on t h e  gold.  S p u t t e r i n g  of such a s u r f a c e  would then  
y i e l d  t h e  complex ions d i r e c t l y ,  with a r e s u l t i n g  dec rease  i n  t h e  N2+ 
peak. 

The absence of a s i g n i f i c a n t  02+ 

I f  t h e  N2+ ions r e s u l t  from t h e  

S i m i l a r  t o  C 0 2 ,  a s m a l l  s h i f t  i n  t h e  energy window towards h ighe r  
i n i t i a l  e n e r g i e s  showed t h e  expected change i n  i o n  d i s t r i b u t i o n  t o  atomic 
and simple polyatomic ions such as H + , N f ,  and NI-ft, as is  ev iden t  from 
Table V .  

A s  p rev ious ly  s ta ted,  s u b s t r a t e  peaks were p resen t  i n  a l l  s p e c t r a  
i n d i c a t i n g  t h a t  t h e  s p u t t e r e d  area was incompletely covered wi th  con- 
d e n s a t e  d e s p i t e  a c o n s t a n t  f low of t h e  gas over t h e  cryogenic  h o l d e r ,  

c .  Ammonia, s p u t t e r i n g  subsequent t o  sample  depos i t i on .  - To improve 
t h e  coverage of t h e  t a r g e t  a r e a  wi th  condensate,  t h e  hypodermic i n l e t  w a s  
removed and i n  subsequent experiments t he  gas o r  vapor w a s  depos i t ed  on to  
t h e  r e f r i g e r a t e d  sample ho lde r  p r i o r  t o  t h e  s p u t t e r i n g  experiment.  For 
t h i s  purpose t h e  va lve  i s o l a t i n g  the  t a r g e t  chamber from t h e  pump w a s  
c losed  and the  sample gas w a s  introduced t o  t h e  chamber f o r  some t i m e  
u n t i l  a s u f f i c i e n t  d e p o s i t  had been achieved.  The gas o r  vapor sou rce  
w a s  t hen  turned o f f ,  pumping w a s  resumed and t h e  s p u t t e r i n g  process  
commenced. I t  is  of i n t e r e s t  t o  note  t h a t  e l i m i n a t i o n  of t h e  hypodermic 
i n l e t  a l s o  e l imina ted  a p o s s i b l e  p e r t u r b a t i o n  of t h e  e l e c t r i c  f i e l d  
sampling t h e  ions because t h e  i n l e t  w a s  a t  ground p o t e n t i a l ,  whereas 
t h e  t a r g e t  a r e a  and t h e  a d j a c e n t  focusing elements are kept  a t  h ighe r  
p o t e n t i a l s .  

Immediately fo l lowing  t h e  change i n  procedure,  a spectrum of ice 
w a s  taken which w i l l  be d i scussed  subsequent ly .  With ammonia, d i f f i -  
c u l t i e s  were experienced due t o  a r c i n g .  Neve r the l e s s ,  a spectrum could 
be obtained which i s  shown i n  F igu re  13. This  spectrum shows some d i f -  
f e r e n c e  when compared t o  t h e  equ iva len t  spectrum obtained wi th  dynamic 
gas f low c o n d i t i o n s  (Figure 1 2 ) ,  p a r t i c u l a r l y  wi th  r e s p e c t  t o  N -I- and NH3- 
gold complexes. However, because of t h e  experimental  d i f f i c u l t i e s  p r e s e n t ,  
a d d i t i o n a l  mod i f i ca t ions  of t h e  t a r g e t  ho lde r  w e r e  a p p l i e d  and the  d i f -  
f e r e n c e s  i n  t h e  s p e c t r a  were not f u r t h e r  i n v e s t i g a t e d .  

a 

The excess ive  a r c i n g  w a s  determined t o  be caused by t h e  proximity 
of t h e  t a r g e t  ho lde r  t o  o t h e r  e l e c t r o d e s  nearby. A h igh  vapor p r e s s u r e  
of ammonia due t o  i n s u f f i c i e n t  thermal conduction of t h e  t a r g e t  s u b s t r a t e  
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probably c o n t r i b u t e d  t o  t h e  problem. Hence, t h e  cryogenic  e f f i c i e n c y  
f o r  condensing ammonia was improved by removing t h e  gold s u b s t r a t e  t he reby  
exposing t h e  copper base.  A thorough c l e a n i n g  removed remaining i m p u r i t i e s .  
To minimize t h e  f i e l d s  r e s p o n s i b l e  f o r  t h e  a r c i n g ,  t h c  cryogenic p l a t fo rm 
w a s  moved back s o  t h a t  spac ing  t o  the ion  e x t r a c t i o n  e l e c t r o d e  was i n -  
c r e a s e d .  Also,  a l l  sha rp  edges of t he  ho lde r  were rounded o f f .  

The copper p l a t fo rm w a s  s p u t t e r e d  f i r s t  without  r e f r i g e r a n t  t o  
e s t a b l i s h  t h e  background (br s u b s t r a t e )  composition. Ammonia was then  
introduced under dynamic flow cond i t ions  (PNH = 2 x 10-6 mm) i n t o  t h e  
t a r g e t  chamber, and t h e  spectrum from i n t e r a c s i o n  of Cu and NH3 w a s  
e s t a b l i s h e d  f o r  noncryogenh o p e r a t i o n .  The r e s u l t i n g  g a s - s o l i d  i n t e r -  
a c t i o n  speqtrum i s  shown i n  F igu re  14, A number of Cu-NH3 complex poly-  
atomic ions can be seen. The ion i n t e n s i t y  d i s t r i b u t i o n  is shown i n  
Table V I  a long  wi th  t h e  d i s t r i b u t i o n  p r e v i o u s i l y  found f o r  NH3 on Au. 
A s i g n i f i c a n t  # i f f e r e m e  is  e v i d e n t ,  p a r t i c u l a r l y  i n  t h e  i n t e n s i t y .  
I t  i s  noteworthy t h a t  t h i s  i s  the  l a r g e s t  $ i n t e n s i t y  observed i n  our  
experience i n  s p u t t e r i n g  a l a r g e  number of compounds inc lud ing  A,f?H3. 
The spectrum r e v e a l s  a high degree of chemical i n t e r a c t i o n .  V i s i b l e  
evidence f o r  r e a c t i o n  w a s  not iced l a t e r  when t h e  copper p l a t fo rm w a s  re -  
moved from the  t a r g e t  chamber. A b lack  d e p o s i t  i n  t he  s p u t t e r i n g  zone 
was e v i d e n t  as w e l l  as underneath t h e  copper p l a t fo rm.  Since t h e  
primary ion  beam d e l i v e r e d  a f e w  wat ts  and s i n c e  the  copper platform is  
the rma l ly  i n s u l a t e d  i n  a vacuum, t h e  temperature  of t h e  copper ho lde r  
could be w e l l  above 3OOC. Thus, t h e  r o l e  of s u b s t r a t e  t e m p e r a t u r e  i n  
t h e  observed i n t e r a c t i o n  i s  unresolved.  Nevertheless  no d e p o s i t  w a s  
observed on t h e  top  of t he  copper p l a t fo rm a d j a c e n t  t o  t h e  s p u t t e r e d  
area. Following t h e  g a s - s o l i d  i n t e r a c t i o n  experiment,  t h e  s u b s t r a t e  
w a s  cooled and s p e c t r a  taken while  s p u t t e r i n g  without  admission of NH3. 
Examination of t h e s e  s p e c t r a  r e v e a l  i nc reased  i n t e n s i t i e s  of N+, O+, 02+, 
N*+,and A r +  and t h e  presence of Cu-NH3 and Cu-02-H20 complexes. 
former i n d i c a t e s  t h e  increased c o n c e n t r a t i o n  of background gas accommo- 
dated on t h e  r e f r i g e r a t e d  s u r f a c e ,  and t h e  la t ter  t h e  r e s i d u e  of sub- 
s t ra te  s u r f a c e  r e a c t i o n s  which took p l a c e  wi th  t h e  noncryogenic gas - s o l i d  
experiment.  

The 

Ammonia was introduced i n t o  t h e  evacuated bu t  i s o l a t e d  t a r g e t  chamber 
u n t i l  a v i s i b l e  c o a t i n g  of s o l i d  NH3 was observed;  t h e  flow w a s  t hen  s h u t  o u t  
and t h e  s p u t t e r i n g  recommenced. I n  t h e  f i r s t  t r ia ls ,  scanning from mass 
1 t o  65 showed many s p u t t e r e d  NH3 peaks,  but thepresence of l a r g e  Cu+ 
peaks i n d i c a t e d  e i t h e r  t h a t  t h e  coverage w a s  s t i l l  incomplete o r  t h a t  
t h e  NH3 s p u t t e r e d  away o r  v o l a t i l z i e d  very qu ick ly .  
loading w a s  i nc reased .  The evidence of s u b s t a n t i a l  peak i n t e n s i t i e s  i n  
t h e  h ighe r  mass range i n d i c a t e d  d e p o s i t i o n  c o n s i s t e n t  w i th  complete 
coverage.  Secondary beam adjustments  were made u n t i l  s t eady  peaks w e r e  
observed, whereupon s p e c t r a  were taken.  The r e s u l t  is  shown i n  F igu res  
15a and b. The s c a l e  of t h e  a b s c i s s a  w a s  expanded t o  show t h e  peaks 
more c l e a r l y .  I n  a d d i t i o n ,  t h e  a c c e l e r a t i o n  vo l t age  was lowered t o  ex-  
tend t h e  mass range. 

Accordingly,  t h e  NH3 
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TABLE VI 

D I S T R i B U T I O N  OF IONS SPUTTERED FROM AMMONIA (COPPER SUBSTRATE); 
DEFOCUSED BEAM OF 10 keV Ar+; E, = 0 eV; P = 2 x 10-6 mm , m 3  

No Refrigerant 

Species,  X+ I x l o l o  amps 
X+ 

H+ 

N+ 

NH+ 

m2+ 

m4+ 

N2+ 

N2 K' 

H2+ 

NH3+ 

100.0 

4.7 

1.2 

1.8 

50.0 

27.0 

3 .1  

19.0 

0.06 

0.48 

0.023 

0.0058 

0.0087 

0.24 

0.13 

0.015 

0.092 

0.0003 

0.0009 

0.0066 

0.0023 

0.0027 

0.54 

0.24 

0.0019 

0.21 

0.0001 
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The peaks were i d e n t i f i e d  and l abe led  t o  t h e  p o i n t  where obvious 

The s p e c i f i c  d e s i g n a t i o n  of ekch peak was made w i t h  
p e r i o d i c i t y  was e s t a b l i s h e d  invo lv ing  a d d i t i o n a l  NH3 molecules and s p u t -  
t e r e d  fragments.  
r e f e r e n c e  t o  fragment u n i t s  which apperared i n  t h e  h i g h e s t  i n t e n s i t y  a t  
t h e  lower masses. Thhs t h e  mass peak a t  7'6 am was i d e n t i f i e d  as 
[N2(NH2)3]f r a t h e r  t han  (N3(NH3)2]+, s i n c e  no N3+ peak w a s  observed a t  
mass 42 whereas t h e  NH2+ and N2+ peaks have cons ide rab le  i n t e n s i t y .  
i d e n t i f i c a t , i o n  of t h i s  p a r t i c u l a r  peak as [(N2) (NH) (NH2) (MI3)]+ appears  
u n l i k e l y .  I n  F igu re  16 t h e  i n t e n s i t i e s  of t h e  [H(NHCJ)~]+ species are 
p l o t t e d  a g a i n s t  t h e  c l u s t e r  number X .  No c o r r e c t i o n  w a s  made f o r  t h e  
e f f e c t  of i.on mash on t h e  response of t he  ion  m u l t i p l i e r  d e t e c t o r  a l -  
though a c o r r e c t i o n  would tend t o  ra i se  t h e  i n t e n s i t i e s  a t  h ighe r  masses. 
The r a t h e r  remarkable i n t e n s i t i e s  and t h e  slow decay wi th  i n c r e a s i n g  mass 
of t h e s e  fragments preclude formation of t h e s e  s p e c i e s  i n  a gaseous phase.  

The change i n  t h e  s p e c t r a  when r e f r i g e r a n t  f low w a s  stopped w a s  
followed while  observing t h e  t a r g e t  chamber p r e s s u r e .  A change i n  t h e  
n a t u r e  of t h e  s p u t t e r e d  s p e c i e s  w a s  observed. (See Figure 17) The 
c h a r a c t e r i s t i c  protonated polymolecular complexes have almost disappeared 
( i . e .  [H(NH3)3+] e t c . ) ,  b u t  s u b s t r a t e  - NH 
s e n t  i n  l a r g e  i n t e n s i t i e s .  
s u b s t r a t e  c a s e  d i scussed  below where showthrough of t h e  s u b s t r a t e  d i d  no t  
d i s t u r b  t h e  protonated polymolecular water complexes. Th i s  provides  a d d i -  
t i o n a l  evidence f o r  t h e  chemical a c t i v i t y  of copper and ammonia. The 
d r a s t i c  change i n  t h e  spectrum a l s o  evidences t h a t  t h e  i o n  adducts  {H(NH3)X] 
are s p u t t e r e d  from t h e  s o l i d ,  s i n c e  t h e  s u r f a c e  c o n c e n t r a t i o n  of ammonia 
w a s  s t i l l l a r g e  as t h e  ammonia was be ing  vaporized. 

The 

fragment complexes are p r e -  
This  behavior a i f f e r s  from t h e  ice-gold 

+ 

d .  I c e ,  , s p u t t e r i n P  subsequent t o  sample d e p o s i t i o n .  - Although i t  
appears t h a t  complicated polyatomic s p e c t r a  a r i s e  from s p u t t e r i n g  condensed 
phases,  t h e  p o s s i b i l i t y  of i d e n t i f y i n g  molecular species i n  polycomponent 
gas  mixtures  through complexes de r ived  from s u b s t r a t e - g a s  i n t e r a c t i o n  
warranted f u r t h e r  i n v e s t i g a t i o n .  Since water i s  t h e  major condensable i n  
p r a c t i c a l  systems, i t s  r o l e  as a s u b s t r a t e  w i th  r e s p e c t  t o  t h e  o t h e r  con- 
densab le s  was examined. 

'IJater was introduced on to  t h e  cryogenic  ho lde r  covered wi th  t h e  gold 
s u b s t r a t e ,  u s i n g  t h e  modified approach a l r e a d y  o u t l i n e d .  A f t e r  loading 
from an  e x t e r n a l  sou rce ,  s p u t t e r i n g  was s t a r t e d .  Charge-up of t h e  ice 
occurred,  manifested by f l u c t u a t i o n s  i n  peak i n t e n s i t i e s .  Such v a r i a t i o n s  
normally occur when a v a r i a b l e  s u r f a c e  charge e x i s t s .  This  c o n d i t i o n  
s t a b i l i z e d  wi th  t i m e  and t h e  spectrum shown i n  F igu re  18 w a s  ob ta ined .  
I t s  examination shows a n  ex tens ive  p r o l i f e r a t i o n  of hydrated protons.  
Also t h e  l ack  of s u b s t r a t e  s i g n a l  i n d i c a t e d  t h a t  a complete coverage 
of t h e  t a r g e t  s u b s t r a t e  w a s  achieved.  It i s  appa ren t  t h a t  t he  presence 
of so many polyatomic ions  p rec ludes  i t s  u s e  as a s u b s t r a t e .  
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As t h e  i c e  was s p u t t e r e d ,  s u b s t r a t e  was exposed; Figure 19 i s  a 
spectrum obtained under these  cond i t ions .  The i c e  s p e c i e s  are s t i l l  e v i -  
d e n t ,  bu t  komplexes wi th  t h e  s u b s t r a t e  such as KH Of' InH20' have a l s o  
appeared. 
"wet" argon follo,wing a d i a b a t i c  expansion through nozzles .  The i s e n t r o p i c  
temperature  i n  t h e i r  experiment was c a l c u l a t e d  t o  be 3.2'K. 
were (H20)x o r  (HZO)~+ upon subsequent i o n i z a t i o n .  The i r  c l u s t e r  i n t e n -  
s i t i e s  versus  c l u s t e r  number are very similar t o  those  obtained by s p u t -  
t e r i n g  i c e  as shown i n  F igu re  20.  The common denominator h e r e  i s  t h a t  i n  
both experiments t h e  v i b r a t i o n a l  and r o t a t i o n a l  degrees  of freedom were 
reduced. Accordingly,  i t  i s  ind ica t ed  t h a t  t h e  p r e r e q u i s i t e  f o r  c l u s t e r  
formation is indeed a low temperature,  and not  j u s t  a simple evapora t ion  of 
i c e .  

Milne and  Greene (Ref. 2 )  have observe8 water c l u s t e r i n g  i n  

The c l u s t e r s  

The spectrum of ice shown i n  F igu re  18 may be u s e f u l  i n  r a t i o n a l i z i n g  
t h e  presence of molecules such as H30+ and H5O2+ i n  t h e  D-region. 
r e c e n t  p a p e r ,  N a r c i s i  (Ref. 3) d i s c u s s e s  mechanisms t h a t  have been proposed 
f o r  e x p l a i n i n g  t h e  presence of i c e  c r y s t a l s  i n  t h i s  r eg ion .  Impacts be- 
tween cosmic . r ays  and ice c r y s t a l l i t e s  could r e s u l t  i n  many i o n s .  

I n  a 

I n  t h e  p r e s e n t  l a b o r a t o r y  experiment,  argon ions of h igh  energy have 
r evea led  a s p e c i f i c  f ragmentat ion p a t t e r n .  I t  a p p e a r s  l i k e l y  t h a t  an  
analogous s i t u a t i o n  i s  o c c u r r i n g  i n  t h e  D-region. The p e a k - i n t e n s i t y  
r a t i o s  of H30+ and H502+ measured i n  t h e  ionosphere are not  very d i f f e r e n t  
from t h e  r a t i o s  observed i n  t h e  s p u t t e r i n g  experiments.  Unfortunately,  
t h e  spectrometer  used i n  the ionosphere experiment d i d  no t  cover t h e  
nex t  hydra t e  a t  mass 55. It  would be of i n t e r e s t  t o  s p u t t e r  ice wi th  
2 keV p ro tons  t o  make a more analogous comparison t o  high-energy p a r t i -  
c l e s  expected i n  t h e  ionosphere.  

e .  Heptane, s p u t t e r i n g  subsequent t o  sample  d e p o s i t i o n .  - The 
s p u t t e r i n g  of heptane was i n v e s t i g a t e d  wi th  t h e  copper s u b s t r a t e  t o  d e t e r -  
mine t h e  r o l e  of t h e  d i p o l e  moment i n  t h e  formation of s u b s t r a t e  complexes 
as w e l l  as t h e  o r i g i n  of t h e  s p u t t e r e d  s p e c i e s  from t h e  s o l i d  s t a t e .  A s  
p r e v i o u s l y  t h e  spectrum of the vapor - subs t r a t e  system w a s  obtained f i r s t  
w i thou t  r e f r i g e r a n t  flow. It is  shown i n  F igu re  2 1 .  Although t h e  heptane 
fragmentat ion p a t t e r n  i s  observed, t h e r e  i s  no evidence of s u b s t r a t e -  
heptane o r  heptane fragment complexes. The product ion of i on  fragments 
may ar ise  from c o l l i s i o n s  wi th  t h e  s p u t t e r e d  copper s u r f a c e ,  o r  fragmenta- 
t i o n  from t h e  i n t e r a c t i o n  wi th  t h e  primary beam. The l ack  of s p e c i f i c  
complexes wi th  the  s u b s t r a t e  i s  noteworthy as it  precludes t h e  p o s s i -  
b i l i t y  of u t i l i z i n g  t h i s  aspect i n  t h e  a n a l y s i s  of condensable hydro- 
carbons.  

Heptane w a s  then condensed according t o  t h e  o u t l i n e d  procedures,  and 
s p u t t e r e d ;  a t y p i c a l  spectrum is  shown i n  F igu re  22. The d i s t r i b u t i o n  of 
fragments i s  q u i t e  d i f f e r e n t  from t h a t  shown i n  F igu re  2 1  (see Table V I I ) .  
I n  p a r t i c u l a r  t h e  i n t e n s i t i e s  of cf, C2+, C3+, e t c .  are much h ighe r  and 
t h e i r  d i s t r i b u t i o n  i s  reminiscent  of t h e  g r a p h i t e  spectrum. The r e l a t i v e  
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TABLE V I 1  

INTENSITY DISTRIBUTION OF IONS SPUTTERED FROM HEPTANE 
ON COPPER; 8 keV Ar+ 

Re f r i gerant No Refrigerant 
10 I x 10 Species, X+ 10 

xt X+ 
I x 10 
x+ 

H+ 

15" 

+ (N2+) 43 
+ 

C2H5 

cg+ 

C3H2+ 

C3H3+ 

C3H' 

C3Hq+ + (Ar') 110 

7 0  

22 

25 

18 

6.5 

1.5 

2.8 

4.1 

3.4 

3.7 

2.5 

1.9 

2.2 

1.1 

1.9 

0.40 

0.12 

0.13 

0.095 

0.035 

0.008 

15 

0.015 

0.022 

0.018 

0.020 

17 

0.013 

0.01 

0.012 

0.0059 

0.01 

53 

86 

7.5 

0.26 

0.24 

1.0 

1.3 

0.06 

0.31 

1.9 

9.0 

11 

0.25 

0.53 

0.95 

5.1 

0.49 

0.046. 

0,0016 

0,0015 

0 006 

0 008 

0.00037 

0.0019 

0.012 

0.055 

0.067 

0.0015 

0.0032 

0.0058 

0.031 
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TABLE VI1 (cont inued)  

R e f r i g e r a n t  No R e f r i g e r a n t  

I x 1o1O 
x+ X 

Spec ie s ,  X+ 10 I x 10 
x+ 

2.5 

0.59 

2 .9 

1.9 

0.2 

0.55 

0.58 

0.22 

0.11 

0.18 

0.04 

0.62 

0.17 

0.38 

0.27 

0.36 

0.22 

0.013 

0.0031 

0.015 

0.01 

0.0011 

0.0029 

0.0031 

0.0012 

0.00058 

0.00095 

0.00021 

0 0032 

0.0009 

0.0020 

0.0014 

0.0019 

0.0012 

14 

2.9 

17 

1.6 

0.02 

0.14 

0.46 

0.47 

0.11 

0.42 

0.11 

2.6 

1.2 

2.0 

0.01 

0.06 

0.06 

CsH3+ + (Cu') 0.28 5.0 

0.07 0.00037 0.42 

0.03 0.00016 0.02 

+ 
CsHll 
c6+ 

C6H+ 0.10 0.00053 0.01 

0.086 

0.018 

0.10 

0.0098 

0.000012 

0.00086 

0 e 0028 

0 0029 

0.00067 

0.0026 

0 00067 

0.016 

0.0074 

0.012 

0.00006 1 

0,0004 

0.0004 

0 0026 

0.0000 12 

0.000061 
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+ i n t e n s i t i e s  of Cx i n  g r a p h i t e ,  heptane ( s o l i d ) ,  and s i l i c o n  ca rb ide  are 
shown i n  Figure 2 3  (Kef. G). Both g r a p h i t e  and hcptanci show h ighe r  i n t e n -  
s i t i e s  f o r  odd va lues  of X ,  whereas t h i s  i s  not seen f o r  s i l i c o n  c a r b i d e .  
The s i m i l a r i t y  between g r a p h i t e  and heptane i s  n o t  too s u r p r i s i n g  when 

+ one cons ide r s  t h e  e x i s t e n c e  i n  both cases  of s t r i n g s  o r  c losed loops of 
a d j a c c n t  C atotns (not so  f o r  S i c ) .  The f a c t  t h a t  polymolecular i ons  ( C 7 € 1 1 6 ) ~  
are  not observed i n  t h e  spectra of s o l i d  heptane i s  c o n s i s t e n t  w i th  t h e  lack 
of i n t e rmolecu la r  bond s t r e n g t h  expected i n  a condenscd hydrocarbon. 

5 .  Conclusions 

An exp lo ra to ry  device f o r  condensing gast’s and vapors (cryogenic Iioltler) 
f o r  u se  i n  the  s p u t t e r - i o n  source iiiass spectromcter  a t  GCA was dcsigncd,  
c o n s t r u c t e d ,  ,ind t’vaI1.iated w i t h  s e l e c t e d  molecules.  T h c  u l t i m a t e  purpose 
of t h i s  assembly h7as t o  c o n c e n t r a t e  condensable i i i ipuri t ies  from a n  atriios- 
phere and t o  i d e n t i f y  t h e m  from t h e  c h n r a c t c r i s t i c  s p u t t e r i n g  p a t t e r n .  

The conclusions are t h a t  when complete coverage of t he  s u b s t r a t e  is  
achieved t h e  s p u t t e r i n g  of po1a.r molecules such as 1120 and NkI 
a c t e r i s t i c  ion c l u s t e r s  p r o l i f e r a t i n g  ove r  a l a rge  iiiass range! ’The s p u t -  
t e r i n g  of  nonpolar molecules y i e l d  c h a r a c t e r i s t i c  fragment ions  without  
any evidence f o r  t h e  formation of c l u s t e r s .  Both t h e  above e f f e c t s  i n  
tliesiselves sugges t s  t h a t  t h e  method of s p u t t e r i n g  i s  n o t  a promising 
a n a l y t i c a l  method f o r  t h e  s p e c i f i c  i d e n t i f i c a t i o n  of a complex mixture of 
i m p u r i t i e s .  

i c l d  cha r -  

Howevcr ,  wi th  incomplete c o w r a g e  a number of  gascis y i e  ldcd s p e c i f i c  
s u b s t r a t e - g a s  i n t e r a c t i o n  complexes such as [In(11,0)  I+, r A u ( N H 3 )  I + ,  [Taco]+ 

b i n a t i o n  of ion gcnc ra t ion  by s p u t t e r i n g  and t h e  rccOgnit ion of such 
s e l e c t e d  chemical i n t c r a c t i o n s .  The i n t e n s i t y  o f  t h e  above s p c c i c s s  wc!re 
cons idc rab  t y  rnhanccd w i t h  cryogenic o p e r a t i o n .  For the  expel-iniental ~ 0 1 1 -  

d i t i o n s  u t i l i z e d ,  ttic complex ion  i n t e n s i t i e s  were higlier c l r  of t h e  sanw 
o r d e r  as t h e  s p u t t e r e d  fragment ions  of  t h e  molcculcs .  

which sbggcs t s  t he  p o s s i b i l i t y  c>f  gas i d e n t i f i c a t i o n  u t i l i z i n g  t 2 C’ coni- 

The abeve phenomenon may be r e s t r i c t e d  t o  po la r  ~ i io l r cu le s .  C e r t a i n l y ,  
t h e  nonpolar heptanv d i d  no t  r e s u l t  i n  such complexps. AL t h c  p re sen t  
t i m e  i t  i s  not known whether t h e  molecular d i p o l e  moment i s  a p r e r e q u i s i t e  
f o r  coniples fL3rmat i c ) n ,  o r  whether s u i t a b l e  s u b s t r a t e s  f o r  developing such 
complexes i n  t h e  case  of nonpolar molecules can a l s o  be found. More 
experimentat ion is  r equ i r ed  t o  r e s o l v e  t h i s  problem. 
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+ 
+ C H  + A r  + H 3 

+ 
-+ CH + A r  + H2 2 (3 )  

-I- Kr + CH4 -, CH4+ + K r  ( 4  

( 5  
-t + + CH4 -. CH4 + Xe XE 

I f  the  r e a c t a n t s  under c o n s i d e r a t i o n  are i n  t h e i r  ground s ta tes ,  t h e n  t h e  
r e a c t i o n s  of argon and krypton ions are  exothermic by v i r t u e  of t h e  f a c t  
t h a t  t h e  recombination e n e r g i e s  (Ref. 4 )  of both ions exceed t h e  i o n i z a -  
t i o n  energy of methane. Indeed, t h e  energy provided by argon ions  i s  
h igh  enough t o  cause t h e  methane ion i n i t i a l l y  formed t o  undergo f r a g -  
mentat ion,  thereby l ead ing  t o  t h e  i n d i c a t e d  r e a c t i o n  channels .  With 
krypton ions the  energy i s  i n s u f f i c i e n t  t o  g i v e  methane fragments ,  and 
w i t h  xenon t h e r e  i s  no t  even enough energy a v a i l a b l e  t o  i o n i z e  t h e  m e t  

l e s s  t h e  energy d e f i c i e n c y  is made up by k i n e t i c  energy. T h i s  
e s  appa ren t  t h a t  by an  a p p r o p r i a t e  cho ice  of t h e  primary i o n i c  

i o n i z a t i o n  



TABLE VI11 

IONlZATION POTENTIALS OF SOME ORGAEJIC COMPOUNDS 

PARAFFINS OLEFINS AND ACETYIZNES 

Methane 

Ethane 

i -Butane 

n -Bu t ant. 

i -Pentane 

n-Pentane 

2,2 Dimethylbutane 

Cyclopentane 

2 , 3  Dimethylbutane 

2 Methylpehtane 

n -Hexane 

n -Heptane 

Cyclohexane 

Methy lcyc lohexane 

m-Xylene . 
p -Xylene 

o -Xy l ene  

12.98 

11.65 

10.57 

10.63 

10.32 

10.35 

10.06 

10.53 

10.02 

10.12 

10.10 

10.08 

9.88 

9.85 

AROMATICS 

8.56 

8.45 

8.56 

Ethylene 

P r opy l ene  

1 Butene 

1.3 Butadiene 

t - 1 -Butene 

C - 2  -Butene 

3 -Met hy 1 - 1 -Butene 

1 Pentene 

2 -Me thy  1 - 1 -Butene 

Cye lopentene 

Cyclohexane 

4 Methylcyc lohexane 

Acetylene 

Propyne 

Benzene 

Toluene 

E t  hy 1 benzene 

10.5 

9.73 

9.58 

9.07 

9.1.3 

9.13 

9.51 

9.50 

9.12 

9.01 

8.95 

8 .91  

11.41 

10.36 

9.25 

8.82 

8.76 
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them have i o n i z a t i o n  e n e r g i e s  
comb i n a  t i o n  
whereas a so 
should  l ead  
r e p o r t ,  t h e  p a r t i c u l a r  r 
t r a n s f e r  i o n  source  are 

source  of t h e  r equ i r ed  primary ions  and a chamber i n  which i n t e r a c t i o n  
w i t h  t h e  sample gas  occurs .  The t w o  u n i t s  must be  s u f f i c i e n t l y  i s o l a t e d  
from e l c h  o t h e r  so t h a t  t h e  e n t e r i n g  of sample gas and i t s  i o n i z a t i o n  i n  
t h e  primary ion  source  i s  prec luded .  
p l a c e  i n  t h e  charge t r a n s f e r  r eg ion  cons ide r  a box w i t h  a p e r t u r e s  a t  op- 
p o s i t e  wal l s ,  one f o r  t h e  en t r ance  of  t h e  pr imary ions ,  one f o r  t h e  wi th -  
d r a w a l  of both pr imary and secondary ions .  I f  t h e  spac ing  of t h e  wal ls  
i s  d ,  and t h e  v e l o c i t y  of t h e  primary ions  is  v,  t h e  t i m e  they  need t o  
t r a v e r s e  t h e  chamber is 7 = d /v .  During t h i s  t i m e  i n t e r v a l ,  t h e  primary 

i n t e n s i t y ,  12, i n c r e a s e s  cor respondingly .  From t h e  r e a c t i o n  ra te  law 

For  a d i s c u s s i o n  of t h e  even t s  t a k i n g  

y ,  Ii, dec reases  due t o  charge t r a n s f e r  and t h e  secondary ion 

onc f i n d s  a f t e r  t h e  time t = 'I 

I1 = Io exp(-kn.r) 

= Io [ l  - exp(-kn.r)] 

Here, Io i s  t h e  i n i t i a l  primary ion  i n t e n s i t y ,  n is  t h e  number d e n s i t y  of 
t h e  n e u t r a l  r e a c t a n t ,  and k is t h e  r e a c t i o n  ra te  c o e f f i c i e n t .  

hermal ion  e n e r g i e s ,  k is approx a t e  ly  indcpendc 
I t s  magnitude i s  of t h e  o r d e r  of k x 10-9 cm~/molecu le  see. i o n  v e l o c i t y .  

For  a n a l y t i c a l  purposes ,  it is d e s i r a b l e  t h a t  t h e  secondary ion  i n t e n s i t y  
i s  l i n e a r  w i th  t h e  sample gas number d e n s i t y  i n  t h e  charge  t r a n s f e r  reg ion .  

c o n d i t i o n  r e q u i r e s  t h a t  knT < 0.2,  because then  t h e  exponen t i a l  func-  
can be approximated by exp(-Ens) 2 1 - kn.r so t h a t  
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In t h e  absence of c o l l i  
range 30 t o  100 amu, ha 
v = 10 cm/sec, The t r  
T = sec. The abov 
of t h e  sample gas d e n s i  

f e r  r a t e  coe 
ules/cm3, i f  k II: 1 
spond t o  p a r t i a l  p 

The assumption of c o n s t a n t  primary ion  v e l o c i t y  i s  j u s t i f i e d  only i f  
the charge t r a n s f e r  r eg ion  is  free from e l e c t r i c  f i e l d s .  Moderate f i e l d s ,  
up t o  10 V/cm, are however r equ i r ed  t o  o b t a i n  r easonab le  c o l l e c t i o n  e f f i -  
c i e n c i e s  f o r  t h e  secondary ions formed i n  t h e  t r a n s f e r  chamber. A t  t h e  
r e l a t i v e l y  low p r e s s u r e s  mentioned above, t h e  c o l l e c t o r  f i e l d  may r e s u l t  
i n  an a c c e l e r a t i o n  of t h e  pr imary ions t o  unacceptably h igh  e n e r g i e s ,  
g i v i n g  r ise t o  t h e  occurrence of endothermic charge t r a n s f e r  p rocesses .  
Th i s  problem can be avoided by t h e  u s e  of an i n e r t  c a r r i e r  gas t o  raise 
t h e  t o t a l  chamber p r e s s u r e  t o  va lues  such t h a t  t h e  primary ions  make many 
c o l l i s i o n s  and the reby  lo se  most of t h e  energy gained from t h e  f i e l d  
du r ing  t h e i r  a c c e l e r a t i o n  between c o l l i s i o n .  The minimum requ i r ed  p r e s -  
s u r e  f o r  t h i s  mechanism is  about 5 x loe2 t o r r .  
then c o n s i s t s  of a d r i f t  i n  t h e  d i r e c t i o n  of t h e  e l e c t r i c  f i e l d  wi th  a 
v e l o c i t y  v = AE/p,  which i s  p r o p o r t i o n a l  t o  t h e  e l e c t r i c  f i e l d  s t r e n g t h  E 
and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c a r r i e r  gas p re s su re  p .  Superimposed 
upon t h e  i o n i c  motion of d r i f t  is d i f f u s i o n  i n  t h e  l a te ra l  and long i -  
t u d i n a l  d i r e c t i o n s .  The observable  secondary ion  i n t e n s i t y  i n  t h i s  c a s e  
i s  given by 

5 

The motion of t h e  ions 

I2 = CIokn.r = CIokndp/AE (9 1 

where C is  t h e  a p p l i c a b l e  ion  c o l l e c t i o n  e f f i c i e n c y .  It  i s  a p p r o p r i a t e  
t o  r e s t a t e  t h e  p rov i s ions  f o r  which t h i s  expres s ion  is  v a l i d :  p > 5 x 10 
t o r r ;  and kndp/AE < 0.2.  Since wi th  t h e s e  c o n d i t i o n s  t h e  charge-t ransfer  
r e a c t i b n s  do not  s e r i o u s l y  d e p l e t e  t he  i n i t i a l  primary ion  i n t e n s i t y ,  t h e  
der ived expres s ion  i s  a l s o  v a l i d  f o r  each component of a sample gas mix- 
t u r e ,  where one should no te  t h a t  t h e  value f o r  t h e  rate c o e f f i c i e n t  k 
w i l l  d i f f e r  f o r  each secondary ion  producing p rocess .  

-2 

In d e r i v i n g  Equation ( 9 ) ,  i t w a s  t a c i t l y  assumed t h a t  t h e  number 
d e n s i t y  of t h e  sample  gas i s  uniformly d i s t r i b u t e d  throughout t h e  charge 
t r a n s f e r  chamber. I f  t h e  sample i s  mixed wi th  the  c a r r i e r  gas p r i o r  t o  
e n t e r i n g  t h e  chamber, a uniform d e n s i t y  d i s t r i b u t i o n  is  achieved a u t o -  
m a t i c a l l y .  I f ,  however, l y ,  t h e  t i m e  r e q u i r e d  

han t h e  average 
eg ion .  I n  t h e  
ed of d i f f u s i o n  

s p r e s s u r e  of 0.2 t o r r ,  
mixing by d i f f u s i o n  i s  e s t i  sec i f  t h e  chamber 
diameter  i s  2 . 5  cm. 
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This  t i m e  cons t an t  dec reases  wi th  dec reas ing  p res su re .  The average 
r e s idence  time of t h e  sample  gas  i s  g iven  by t h e  r a t i o  of t he  volume of 
t h e  chamber and t h e  sample gas volume f low r'ate, which i n  t u r n  i s  governed 
by t h e  o r i f i c e s  i n  t h e  chamber through which t h e  gases  e f f u s e  i n t o  t h e  
sur rounding  vacuum. An a p p r o p r i a t e  choice  o chamber volume and o r i f i c e  
d i ame te r ,  t h e r e f o r e ,  w i l l  ensure  a n  adequate  r e s idence  t i m e  of t h e  sample 
gas  i n  t h e  chamber. For example, i f  t h e  gas scapes  th rou  h t h e  main 

a i s  t h e  d iameter  of t h e  o r i f i c e  and 
molecular  thermal  v e l o c i t y .  To achieve  a sampie gas res idence  t i m e  t e n  
tines g r e a t e r  than  t h e  d i f f u s i o n  time cons t an t ,C t  = 2.5  x 10-3 r e q u i r e s  
t h a t  

o r i f i c e  by f r e e  molecular  f low, t h e  volume f ra te  i s  rta 9 c/16,  where 
4 4 x 10 cm/sec i s  t h e  average 

With a chamber volume of V = 5 cm 3 , t h e  maximum a l lowable  o r i f i c e  
d iameter  is c a l c u l a t e d  t o  be a = 1.6 x 10-1 c m .  

3 .  The F e a s i b i l i t y  Model Charge T r a n s f e r  Ion  Source 

Since t h e  secondary ion  i n t e n s i t y  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
primary ion  i n t e n s i t y ,  i t  i s  c lear  t h a t  t h e  s e n s i t i v i t y  of t h e  dev ice  i s  
dependent mainly on t h e  a v a i l a b l e  primary source  i n t e n s i t y .  The d e s i r e d  
h igh  ion f luxes  can be produced both wi th  e l e c t r o n  impact and wi th  gas  
d i scha rge  sources .  I n  t h e  p re sen t  f e a s i b i l i t y  s tudy ,  i t  was decided t o  
make use  of a gas  d i scha rge  source ,  because t h i s  type  of i on  source  
o p e r a t e s  a t  h igher  p re s su res  than  common e l e c t r o n  i m p a c t  sou rces ,  so t h a t  
t h e  p o s s i b i l i t y  of i t s  contaminat ion by back d i f f u s i n g  s a m p l e  gas i s  re- 
duced. The o p e r a t i n g  p res su re  i n  t h e  d i scha rge  i s  even h ighe r  t han  t h e  
p re s su res  r equ i r ed  i n  t h e  charge t r a n s f e r  r eg ion ,  t hus  a l lowing  a d i r e c t  
f low of c a r r i e r  gas from t h e  d i scha rge  through t h e  charge t r a n s f e r  r eg ion .  
F a c i l i t y  of c o n s t r u c t i o n  and handl ing  are a d d i t i o n a l  aspects f avor ing  t h e  
u s e  of a d i scha rge  i o n  source  i n  t h e  exper imenta l  e v a l u a t i o n  of t h e  charge 
t r a n s f e r  mass spec t rometer  concept .  

The layout  of t h e  f e a s i b i l i t y  model i o n  source  i s  shown i n  F igu re  24. 
The two types  of d i scha rge  tubcs  shown i n  F igure  25  were employed. One 
w a s  a 1.28-cm diameter  quar tz -pyrex  tube  epoxied end-on t o  an aluminum 
d i s c ,  t h e  o t h e r  used a Kovar-pyrex j o i n t  welded t o  a s t a i n l e s s  s t e e l  d i s c ,  
t h e  Kovar c y l i n d e r  be ing  sh ie lded  by a r ing - sea l ed ,  8 -mm diameter  pyrex 
tube .  Both d i scha rge  tubes  were f i t t e d  a t  t h e  oppos i t e  end wi th  a p o s i -  
t i v e  e l e c t r o d e  and t h e  gas i n l e t .  The gas  was introduced through a 
s t a i n l e s s  s t e e l  l eak  va lve  and f i r s t  passed a l i q u i d  n i t r o g e n  cooled 
t r a p  before  i t  en te red  t h e  d i scha rge .  The i n l e t  t u b u l a t i o n  w a s  pyrex 
w i t h  Kovar t e rmina l s  joined by s t a i n l e s s  s t e e l  Swagelok f i t t i n g s .  The 
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d i scha rge  w a s  powered e i t h e r  by a 2450-Mc ac  f i e l d  app l i ed  w i t h  an Evenson 
(Ref. 5 )  c h v i t y  as shown i n  F igu re  24, o r  by a s u f f i c i e n t l y  h igh  dc f i e l d  
t o  produce a cold cathode d i s c h a r g e .  Cooling was  provided by a compressed 
a i r  s t ream. 

The charge t r a n s f e r  chamber is  hohsed i n  a s t a i n l e s s  s t e e l  f l a n g e  
t o  which t h e  d i scha rge  tube is joined wi th  a convent ional  O-ring seal. 
Ions  from t h e  d i scha rge  e n t e r  t he  charge t r a n s f e r  space through an  o r i -  
f i c e  contained i n  a threaded i n s e r t ,  t o  f a c i l i t a t e  i t s  replacement when 
r e q u i r e d .  Throughout most of t h e  experiments,  t h e  o r i f i c e  w a s  a c y l i n d r i c a l  
channel  of equa l  l eng th  and width,  about 0.06 cm. Incorporated i n  t h e  
chamber f l a n g e  are  two o u t e r  connect ions,  one l ead ing  t o  a l e a k  valve t o  
in t roduce  the  sample gas ,  t h e  o t h e r  leading t o  a. McLeod gauge v i a  a cold 
t r a p  s o  t h a t  t he  chamber p re s su re  can be monitored. Because of t h e  h igh  
p o t e n t i a l  app l i ed  t o  t h e  chamber, t h e  l e a d  connect ions were nylon tub ing  
f a s t e n e d  wi th  Swagelok f i t t i n g s .  

Ions  are e x t r a c t e d  from t h e  charge t r a n s f e r  space by a weakly con- 
ve rg ing  e l e c t r i c  f i e l d  provided by an  indented e x t r a c t i o n  p l a t e .  I ts  
c e n t r a l  o r i f i c e  waso. 14-cm d iame te r .  
i o n s  a r e  a c c e l e r a t e d  and focused on to  the e n t r a n c e  of a 180-degree mag- 
n e t i c  a n a l y z e r  by an  assembly of 1.28-cm diameter  a p e r t u r e  s t a i n l e s s  
s t e e l  plates a c t i n g  as an  immersion l ens  system. The l a s t  two plates 
are  f i t t e d  wi th  h o r i z o n t a l  and v e r t i c a l  d e f l e c t o r s  t o  achieve d i r e c t i o n a l  
focus ing .  T h e i r  p o t e n t i a l s  are nega t ive  wi th  r e s p e c t  t o  ground, t o  avoid 
t h e  r e v e r s e  a c c e l e r a t i o n  and focusing of e l e c t r o n s  formed by the  ion  beam 
a t  t h e  mass spectrometer  en t r ance  s l i t .  The t h r e e  plates a r e  mounted on 
f o u r  threaded rods wi th  t h e  a i d  of nylon bushings as i n s u l a t o r s .  The 
e n t i r e  assembly is  sclpported by a nylon spacer  f l a n g e  which a l s o  i n s u l a t e s  
t h e  chamber f l a n g e  from ground. For t h e  purpose of t e s t i n g  t h e  charge 
t r a n s f e r  sou rce ,  t h e  dev ice  w a s  mounted t o  the access  p o r t  of a 5-inch 
diameter  chamber with s i x  b o l t s  i n s u l a t e d  with nylon bushings.  The 
chamber was evacuated with a 4- inch o i l  d i f f u s i o n  pump. 
n e c t i o n s  were made, as f a r  as necessary,  through an a u x i l i a r y  s i d e  f l a n g e .  
A Veeco i o n i z a t i o n  gauge monitored the  p re s su re .  A 180-degree magnetic 
mass a n a l y z e r  w a s  connected t o  a f l a n g e  oppos i t e  t h e  ion  source.  Th i s  
instrument  had 1-mm dimater  e n t r a n c e  and e x i t  a p e r t u r e s .  It was evacuated 
wi th  a 2- inch d i f f u s i o n  pump. Ions  were c o l l e c t e d  i n  a s imple Faraday 
cage preceded by a low energy suppres so r  g r i d w h i c h c o u l d  be grounded when 
no t  i n  use.  
mass s p e c t r a  were d i sp layed  wi th  an X-Y r eco rde r .  

A f t e r  passage of t h i s  o r i f i c e ,  t h e  

E l e c t r i c a l  con- 

Ion  c u r r e n t s  were measured wi th  a Ke i th l ey  e l e c t r o m e t e r  and 

With t h i s  i on  source  des ign ,  t h e  d i scha rge  gas a l s o  s e r v e s  as t h e  
c a r r i e r  gas i n  t h e  charge t r a n s f e r  space. P r e s s u r e s  t y p i c a l  f o r  i t s  
o p e r a t i o n  were: approximately 1 t o r r  i n  t h e  d i s c h a r g e ,  0 . 1  t o r r  i n  t h e  
t r a n s f e r  chamber, t o r r  i n  t h e  a c c e l e r a t o r  r eg ion ,  and t o r r  i n  
t h e  mass a n a l y z e r .  
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The ion a c c e l e r a t i o n  p o t e n t i a l s  were de r ived  from a 1250V dc power 
supply i n  con junc t ion  wi th  a s t r i n g  of r e s i s t o r s  forming a vo l t age  d i v i d e r .  
I n  a d d i t i o n  t o  a d j u s t a b l e  p o t e n t i a l s  f o r  proper focusing,  t h e  v o l t a g e  
a c r o s s  t h e  charge t r a n s f e r  chamber w a s  a d j u s t a b l e  t o  a maximum of 100 V. 
The corresponding e l e c t r i c  f i e l d  i n  t h a t  r e g i o n  was 0 t o  100 V/cm. The 
d i s c h a r g e  vo l t age  was provided by a s e p a r a t e c i r c u i t  y i e l d i n g  0 t o  550 V 
w i t h  a 10-mA c u r r e n t  c a p a c i t y .  

4. Experimental  R e s u l t s  

a.  Exploratory i n v e s t i g a t i o n s .  - Pre l imina ry  tests of t h e  charge 
t r a n s f e r  i on  source were performed t o  exp lo re  s u i t a b l e  p r e s s u r e  ranges,  
o r i f i c e  s i z e s  and e l e c t r i c  f i e l d s .  I n  t h e s e  experiments,  argon w a s  used 
as t h e  c a r r i e r  gas .  
c o n t r i b u t o r  t o  the  observed mass s p e c t r a ,  bu t  i n  a d d i t i o n  a l a r g e  number 
of o t h e r  i o n i c  s p e c i e s  were a l s o  p re sen t .  They could be t r aced  t o  impuri-  
t ies  caused by minor a i r  leaks and ou tgass ing .  S p e c i f i c a l l y ,  t h e  epoxy 
seal of t h e  d i scha rge  tube A i n  Figure 2 5  i n i t i a l l y  used w a s  a source of 
l e a k s .  It  w a s  f i r s t  s u b s t i t u t e d  by a b l ack  wax j o i n t  which produced an  
a i r t i g h t  seal but. gave r ise  t o  a l a r g e  impuri ty  peak a t  m a s s  number 30 
presumably caused by o f f - g a s s i n g  of e thane.  The b l ack  wax was subse-  
quen t ly  replaced by " t o r r  s e a l , "  a high vacuum epoxy d i s t r i b u t e d  by 
Varian A s s o c i a t e s ,  whereupon the  mass 30 peak w a s  e s s e n t i a l l y  e l imina ted .  
Other  s t i l l  remaining i m p u r i t i e s  i n d i c a t e d  i n  t h e  mass spectra could be 
reduced t o  a reasonable  l e v e l  by a c l e a n i n g  of t h e  e n t i r e  i on  source wi th  
an o rgan ic  s o l v e n t  and by t i g h t e n i n g  a l l  suspected a i r  l eaks .  In a d d i t i o n ,  
t h e  O-rings employed i n  t h e  assembly of t h e  ion  source were l e f t  u n l u b r i c a t e d .  

According t o  e x p e c t a t i o n ,  Ar+ ions were t h e  maih 

With t h e s e  measures, mass s p e c t r a  similar t o  those  shown i n  F igu re  26 
were observed.  These t r a c e s ,  obtained wi th  the  d i scha rge  operated i n  t h e  
d c  mode, are  c h a r a c t e r i z e d  by c o n t r i b u t i o n s  a t  mass numbers 18, 19, 2 8 ,  32 ,  
and 41 i n  a d d i t i o n  t o  t h e  expected argon i o n  peak a t  40 m u ,  p o i n t i n g  t o  
a remaining contaminat ion by a i r  and by water vapor.  A p o r t i o n  of t h e  
i m p u r i t i e s ,  p a r t i c u l a r l y  water  vapor,  w a s  introduced wi th  the  c a r r i e r  
gas ,  because pas s ing  t h e  argon through a l i q u i d  n i t r o g e n  cooled t r a p  
be fo re  i t  en te red  t h e  d i scha rge  reduced t h e  s i z e  of t h e  peaks a t  mass 
numbers 18, 19, and 41. The d e t r i m e n t a l  e f f e c t  of carr ier  gas contamina- 
t i o n  c l e a r l y  c a l l e d  f o r  a s u i t a b l e  p u r i f i c a t i o n  of t h e  introduced argon.  
Seve ra l  measures were app l i ed  i n  an  e f f o r t  t o  ach ieve  a s a t i s f a c t o r y  
e l i m i n a t i o n  of i m p u r i t i e s ,  b u t  none brought t h e  d e s i r e d  improvement. 
These measures included t h e  s u b s t i t u t i o n  of Airco argon by Matheson 
p u r i f i e d  argon, and t h e  u s e  of va r ious  traps on t h e  high p r e s s u r e  s i d e  
of t he  argon i n l e t  l i n e  t o  reduce t h e  moisture  c o n t e n t .  
co r ruga ted  copper cooled by l i q u i d  n i t r o g e n ,  and baked z e o l i t e  were used 
i n  t h e  t r a p s .  However, t he  mass number 18 and 4 1  peaks were not  reduced 
below t h e  l e v e l  a l r e a d y  achieved wi th  t h e  s i m p l e  l i q u i d  n i t r o g e n  t r a p  
located between t h e  argon i n l e t  valve and t h e  d i scha rge  tube.  It thus  
appears  t h a t  t he  r e s i d u a l  water vapor and a i r  i m p u r i t i e s  are not  i n t r o -  
duced wi th  t h e  argon i t s e l f ,  bu t  a r e  r e l e a s e d  from t h e  w a l l s  of t h e  

D r i e r i t e  (CaCR2), 
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Figure  26. Mass s p e c t r a  obta ined  wi th  a rgon  car r ie r  gas  and dc  d i scha rge ,  
. f o r  t h r e e  d i f f e r e n t  charge  t r a n s f e r  gap vo l t ages .  A :  gas 

en te red  d i r e c t l y ,  B: gas passed through l i q u i d  n i t r o g e n  t r a p  
be fo re  e n t e r i n g  d i scha rge .  
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i n l e t  l i n e  and t h e  d i scha rge  tube  by outgassing.  This  p o s s i b i l i t y  could 
n o t  be f u r t h e r  explored i n  t h e  p re sen t  series of experiments,  because t h e  
i o n  source ,  d i scha rge  tube and i n l e t  system are  no t  bakeable SO t h a t  an 
a c c e l e r a t i o n  of t h e  ou tgass ing  process  by h e a t i n g  was 

The most l i k e l y  processes  r e s p o n s i b l e  f o r  t h e  f o r  
impuri ty  ions  are 

+ 
H,O + A -+ AH+ + OH 

L 

A+ + H ~ O  + AH+ + OH 

+ + 
A + H 2 0  -* H 2 0  + A 

These r e a c t i o n s  can occur both i n  t h e  d i scha rge  region and  i n  t h e  charge 
t r a n s f e r  space.  To i n v e s t i g a t e  t h e  l o c a t i o n  of impuri ty  ion  formation a 
s e r i e s  of experiments was performed i n  which t h e  r a t i o  of i on  c u r r e n t s  
M18/M40 and M41/M40 w a s  observed as a f u n c t i o n  of t he  e l e c t r i c  f i e l d s  
app l i ed  t o  the  d i scha rge  and the  charge t r a n s f e r  r eg ions .  The r e s u l t s  
are shown i n  F igu res  27a and 27b. 

Decreasing t h e  d r i f t  vo l t age  a c r o s s  t h e  charge t r a n s f e r  gap i n c r e a s e s  
t h e  r e s idence  time of t h e  primary i o n s ,  s o  t h a t  t h e  p r o b a b i l i t y  of i o n i c  
r e a c t i o n s  i n  t h i s  r eg ion  i s  enhanced. A s  Figure  27a demonstrates ,  t h e  
r e l a t i v e  i n t e n s i t i e s  of both the  H20+ and t h e  AH+ ions i n c r e a s e  wi th  
d e c r e a s i n g  charge t r a n s f e r  gap d r i f t  vo l t age ,  thereby i n d i c a t i n g  t h e  
formation of both ions by one of t h e  above r e a c t i o n s  i n  t h i s  region.  
Also shown i n  F igu re  27a i s  t h e  a b s o l u t e  i n t e n s i t y  observed f o r  A+ which 
i s  known t o  have i t s  o r i g i n  i n  the  d i scha rge  r eg ion .  The argon i o n  
i n t e n s i t y  dec reases  wi th  dec reas ing  d r i f t  vo l t age  due t o  t h e  dec reas ing  
c o l l e c t i o n  e f f i c i e n c y  of ions from t h e  charge t r a n s f e r  r eg ion .  The 
o p p o s i t e  behavior f o r  H20+ shows t h a t  t h i s  i o n  o r i g i n a t e s  mainly i n  t h e  
t r a n s f e r  gap and no t  i n  t h e  d i scha rge .  
i n t e n s i t y  goes through a maximum and then  dec reases  a g a i n  wi th  dec reas ing  
gap v o l t a g e ,  whereas t h e  H 2 0  
a complex r e l a t i o n s h i p  between both ions.  No s i m p l e  e x p l a n a t i o n  f o r  t h i s  
behavior  can be given. One p o s s i b i l i t y ,  evidence f o r  which is  d i scussed  
below, i s  the  formation of Ail? i n  both t h e  d i scha rge  r eg ion  and t h e  
charge t r a n s f e r  space.  A marked in f luence  of t h e  e l e c t r i c  f i e l d  i n  t h e  
charge t r a n s f e r  region on t h e  sampling of ions from t h e  d i scha rge  could 
t h e n  r e s u l t  i n  t he  observed behavior .  Another p o s s i b i l i t y  i s  t h a t  t h e  
r e a c t i o n  r e s p o n s i b l e  f o r  AH+ formation is  endothermic,  s o  t h a t  i t s  occur-  
rence r e q u i r e s  a d d i t i o n a l  k i n e t i c  energy which t h e  argon ions must ga in  
f r a n  t h e  e l e c t r i c  f i e l d .  Ev iden t ly ,  t h e s e  complicat ions do not apply 
t o  t h e  formation of H20' which is  thus  recognized as a s i m p l e  charge 
t r a n s f e r .  

The obse rva t ion  t h a t  t h e  AH' i on  

+ i on  i n t e n s i t y  i n c r e a s e s  f u r t h e r  i n d i c a t e s  
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To determine t h e  i n f l u e n c e  of t h e  e l e c t r i c  f i e l d  i n  t h e  d i s  
r eg ion  upon t h e  formation of AH+ and H20+, t he  d i s c h a  
w i t h  microwave e x c i t a t i o n .  This  mode of o p e r a t i o n  av 
t i o n  by t h e  cathode f a l l  r e g i o n ( s e e  below) t h a t  e x i s t  
charge,  and the reby  a l lows  more uniform f i e l d  cond 
t o  t h e  s i t ua  n i n  t h e  charge t r a n s f e r  gap, a loweri  
f i e l d  s t r e n g t h  i n c r e a s e s  t h e  r e s idence  t i m e  of t h e  i o  
r e g i o n  thus  providing an  inc reased  r e a c t i o n  prob 
t i o n  of secondary 'ions. A s  Figure 27b demonstra 
of i n t e n s i t i e s  r e m a i n e d e s s e n t i a l l y  c o n s t a n t  when t h e  
p o t e n t i a l  i s  decreased from 280 t o  100 v o l t s ,  but  t h e  A$ i on  i n t e n s i t y  
inc reased  s i g n i f i c a n t l y .  These r e s u l t s  make appa ren t  t h a t  i n  a d d i t i o n  t o  
t h e  formatiorl of AH+ i n  t h e  charge t r a n s f e r  space t h e r e  occurs  a genera-  
t i o n  of t h i s  i on  i n  t h e  d i scha rge  r eg ion  under f avorab le  c o n d i t i o n s .  

The predence of water and a i r  i m p u r i t i e s  i n  the  primary ion source  
has t h e  u n d e s i r a b l e  s i d e  e f f e c t  t h a t  i n  a d d i t i o n  t o  ion formation by low 
energy charge t r a n s f e r  and o t h e r  i n t e r a c t i o n s  of t h e  p r i n c i p a l  primary 
ion ,  A+, t h e r e  occurs  a l s o  t h e  formation of fragment ions of t h e  impuri-  
t i e s  by o t h e r  i o n i z a t i o n  p rocesses .  I n  F igu re  26, such fragment ions  
appear  a t  mass numbers 16, and 14 corresponding t o  t h e  ions O+ and N+ 
whose formation r e q u i r e s  e n e r g i e s  g r e a t e r  t h a n  18.8 and 24 .0  eV, respec- 
t i v e l y .  
15.5 eV, they cannot be r e s p o n s i b l e  f o r  t h e  product ion of e i t h e r  0 o r  N 
u n l e s s  t h e  necessary a d d i t i o n a l  energy i s  acquired by a c c e l e r a t i o n  i n  an 
e l e c t r i c  f i e l d .  F igu re  26 shows q u a l i t a t i v e l y ,  t h a t  va ry ing  t h e  f i e l d  i n  
the  charge t r a n s f e r  r eg ion  has a n e g l i g i b l e  e f f e c t  upon t h e  ion i n t e n s i -  
t i e s  of mass numbers 14 and 16 so  t h a t  t h e s e  ions must have t h e i r  o r i g i n  
i n  t h e  d i scha rge  r eg ion .  

Since the  recombination energy of t h e  primary argon ions ) s  on ly  

+ + Both e l e c t r o n  and ion  impact may c o n t r i b u t e  t o  0 and N formation.  
I n  t h i s  r e s p e c t ,  i t  i s  of i n t e r e s t  t h a t  i n  t h e  dc  mode of o p e r a t i o n  ions 
a re  withdrawn from t h e  cathode f a l l  r eg ion  i n  which t h e  ions are a c c e l e r a t e d  
toward the  cathode i n  a r e l a t i v e l y  high e l e c t r i c  f i e l d  s o  t h a t  a s u f f i -  
c i e n t  e l e c t r o n  y i e l d  r e s u l t s  upon t h e i r  i m p a c t .  The e l e c t r o n s  i n  t u r n  
are  a c c e l e r a t e d  i n  t h e  o p p o s i t e  d i r e c t i o n  and produce i o n s  by impact w i t h  
n e u t r a l  gas molecules.  Thus t h e r e  e x i s t s  a r e l a t i v e l y  h igh  p r o b a b i l i t y  
f o r  fragmentary i o n  product ion.  The microwave d i s c h a r g e ,  on t h e  o t h e r  
hand, does not r e q u i r e  a source  of e l e c t r o n s  a t  a boundary s u r f a c e ,  s i n c e  
e l e c t r o n s  are produced by volume io r i i za t ion  due t o  e l e c t r o n  c o l l i s i o n s .  
Consequently,  t h e  cathode f a l l  f i e l d  i s  e l imina ted  and t h e  ions do n o t  
a c q u i r e  energy apprec iab ly  i n  excess  of thermal  k i n e t i c  energy,  

A comparison of both modes of d i scha rge  o p e r a t i o n ,  shown i n  F igu re  28, 
n e v e r t h e l e s s  demonstrates  t h a t  t h e  h igh  frequency d i scha rge  gene ra t e s  
fragmentary impur i ty  ions wi th  an  abundance a t  least  as high as t h e  dc 
d i s c h a r g e .  Ac d i n g l y ,  i t  appea r s  t h a t  excess  k i n e t i c  energy of primary 
ions  i s  n o t  t h e  major mode of fragment ion  formation and t h e  major pro-  
c e s s  probably is e l e c t r o n  impact i o n i z a t i o n .  However, d i f f e r e n t  f i e l d  
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otherwise similar conditions. 
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c o n f i g u r a t i o n s  i n  t h e  v i c i n i t y  of t h e  ion  sampling o r i f i c e  may d l s o  
c o n t r i b u t e  t o  t h e  observed e f f e c t .  More c o n s i d e r a t i o n  w i l l  be g iven  t o  
t h i s  problem i n  a subsequent  s e c t i o n .  

S ince  both  the  fragment and t h e  nonfragment ions  r e s u l t i n g  from a i r  
and water  i m p u r i t i e s  i nhe ren t  t o  argon are d e t r i m e n t a l  t o  t h e  concept  of 
t h e  charge  t r a n s f e r  ion source ,  t h e  use  of o t h e r  car r ie r  gases  was ex- 
p lo red .  Helium, having  a h ighe r  p o t e n t i a l  than  argon w a s  found t o  
enhance t h e  contaminat ion  of t h e  mass spectrum, whereas w i t h  krypton  
t h e  s i t u a t i o n  w a s  improved. A l l  subsequent  experiments  were then  per -  
formed u s i n g  krypton as t h e  carr ier  gas .  

I n  F igure  29  a ser ies  of spectra i s  shown u s i n g  a microwave e x c i t e d  
krypton  d i scha rge  y i e l d i n g  K r +  as t h e  primary ion .  The va r ious  krypton  
i s o t o p e s  a t  mass M = 80, 82,  83, 84, 86 are  n o t  r e so lved ,  bu t  t h e  i n t e n -  
s i t y  maximum co inc ides  wi th  t h a t  of t h e  most abundant i so tope  a t  mass 
number 84. Again,  water impur i ty  i s  i n  evidence i n  t h e  primary ion  spec-  
t rum, d e s p i t e  t h e  fac t  t h a t  krypton passes a l i q u i d  n i t rogen-cooled  
t r a p  be fo re  i t  e n t e r s  t he  d i s c h a r g e .  
space  r e s u l t s  i n  t h e  appearance of a peak a t  mass number 44, c o r r e -  
sponding t o  C02+. 
M = 18, 28,  29, and 32. A small GO2 peak from t h e  previous run  s t i l l  
remains.  

The a d d i t i o n  of C02 t o  t h e  d r i f t -  

When a i r  i s  added, t h e  fo l lowing  new ions  a r e  appa ren t :  

The s i g n a l s  a t  mass number 18, 32, and 44 correspond t o  t h e  ions  
H20+, @2+. and C02+, r e s p e c t i v e l y .  
t r a n s f e r  is  expec ted .  The M29 peak i s  due t o  N2H+ which can be formed 
v i a  pro ton  t r a n s f e r  from t h e  primary K r H f  impuri ty  ion .  
undoubte l y  is due t o  N2+, bu t  s i n c e  t h e  recombinat ion ene rg ie s  of t h e  

t h e  i o n i z a t i o n  p o t e n t i a l  of  n i t r o g e n  is  15.5 e V ,  t h e  n i t r o g e n  ion  cannot  
be formed by s i m p l e  thermal  charge  t r a n s f e r .  

T h e i r  formation by way of  charge  

The M28 peak 

krypton  'Pip and 2 P312 ions  are on ly  14.0 and 14.66 e V  (Ref. 4 ) ,  whereas 

The uppermost trace i n  F igu re  29  shows t h a t  when t h e  i o n  push-out 
p o t e n t i a l  i n  t h e  d i scha rge  i s  decreased ,  t h e  M28 decreases a l s o  whereas 
t h e  M29 peak i n c r e a s e s .  
formed by i n t e r a c t i o n  of n i t r o g e n  wi th  t h e  d i scha rge ,  bu t  a d i s c u s s i o n  
of  t h i s  po in t  w i l l  be d e f e r r e d .  The second obse rva t ion  i s  probably due 
t o  an  i n c r e a s e  i n  t h e  primary KrH' c o n c e n t r a t i o n  r e s u l t i n g  from a longer  
r e s idence  t i m e  of  krypton ions  i n  t h e  d i scha rge  r eg ion  a t  lower push-out 
f i e l d s .  
d i scha rge  d i scussed  p rev ious ly  . 

The f i r s t  obse rva t ion  i n d i c a t e s  t h a t  N2+ is 

Th i s  is  s imilar  t o  t h e  mechanism of AH+ format ion  i n  t h e  a rgon  

b.  Primary source  s t r e n g t h .  - In t h e  d i scha rge  t h e  t o t a l  i o n  c u r r e n t  
d e n s i t y  i s  g iven  by j = env where e = 1.6 x lO-l9 coulomb is t h e  i o n i c  
charge ,  n 2 101o ions/cm3 is  t h e  i o n  d e n s i t y  i n  t h e  d i scha rge ,  and v i s  
t h e  d r i f t  v e l o c i t y .  For f i e l d s  around E/P = 100 V / c m - t o r r , d r i f t  ve lo-  
c i t i e s  are v h 105 cm-sec s o  t h a t  t he  expected c u r r e n t  d e n s i t y  is j = 
amps/cm . With an  e x i t  o r i f i c e  d iameter  of 0.06 c m ,  t h e  cor responding  2 
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area i s  3 x cm2, o r  about  one-thousandth of t h e  t o t a l  metall ic area 
a c c e s s i b l e  t o  t h e  d i scha rge  c u r r e n t .  Accordingly,  a primary ion  c u r r e n t  
of  t h e  o r d e r  of loe7  amps w a s  expected t o  e n t e r  t h e  t r a n s f e r  r eg ion .  

I n  Table  I X  are compiled ion  curr 'ents  measured f o r  va r ious  e x p e r i -  
mental  c o n d i t i o n s  w i t h  k r y p t o n  be ing  t h e  carr ier  gas .  
measured a t  t h r e e  l o c a t i o n s :  a t  t h e  charge  t r a n s f e r  chamber e x t r a c t i o n  
p la te  ( e l e c t r o d e  No. 3 i n  F igu re  2 4 ) ,  a t  t h e  f i r s t  focus ing  p l a t e  ( e l e c t r o d e  
No. 4 i n  F igu re  2 4 ) ,  and on a n  a u x i l i a r y  e l e c t r o d e  placed behind t h e  mass 
spec t rometer  e n t r a n c e  a p e r t u r e .  Curren ts  measured on t h e  f i r s t  focus ing  
p l a t e  were n e g l i g i b l e  compared wi th  those  on t h e  o t h e r  two e l e c t r o d e s  
and are omit ted from Table  I X .  It  is  ev iden t  t h a t  most of t h e  ions  
e n t e r i n g  the  charge t r a n s f e r  reg ions  are  d ischarged  on t h e  i o n  e x t r a c -  
t i o n  p l a t e  and t h a t  only a f r a c t i o n  of them are withdrawn and focused 
i n t o  t h e  mass spec t rometer ,  r e g a r d l e s s  of t h e  e l d  cond i t ions  e i t h e r  
i n  the .d i scha rge  o r  i n  t h e  charge t r a n s f e r  cha r .  A cons ide rab le  
spread  of t h e  primary ion  beam i s t . h e r e b y i n d i c a t e d .  With microwave 
e x c i t a t i o n ,  t h e  c u r r e n t  i n t e n s i t y  of t h e  primary ions  i s  of t h e  o r d e r  
of amps as w a s  a n t i c i p a t e d .  That  f o r  dc  d i scha rge  o p e r a t i o n  i s  a 
f a c t o r  of t e n  lower.  The cons ide rab le  s p r e a d  of t h e  primary ion  beam 
must be l a r g e l y  due t o  charge r epu l s ion .  The ion d e n s i t y  a t  t h e  d i s -  
charge  o r i f i c e  can be estimated a s  n i  3 101o ions/cm3. 
e l e c t r i c  f i e l d s  a r e  as h igh  as 300 V j c m .  Spreading of t h e  ion  beam by 
la te ra l  d i f f u s i o n  is  comparat ively slow, and cannot  exp la in  t h e  observed 
e f f e c t .  I n c r e a s i n g  the  ion  e x t r a c t i o n  f i e l d  and dec reas ing  t h e  p r e s s u r e  
improves t h e  ion  c o l l e c t i o n  e f f i c i e n c y ,  bu t  both measures a l s o  reduce 
t h e  primary ion r e s idence  t i m e  i n  t h e  charge t r a n s f e r  chamber s o  t h a t  
t h e  p r o b a b i l i t y  of charge t r a n s f e r  dec reases .  The d c  glow d i scha rge  
which gene ra t e s  a lower primary i o n  c u r r e n t  than  the  microwave d i scha rge  
provides  a c o l l e c t i o n  e f f i c i e n c y  t e n  times b e t t e r  by comparison. Th i s  
obse rva t ion  suppor t s  t he  assumed meGhanism of ion  beam sp read ing  by 
charge  r e p u l s i o n ,  s i n c e  t h e  lower i o n  concen t r a t ions  genera ted  from t h e  
d c  d i scha rge  would cause  less broadening of t h e  ion  p r o f i l e  t han  t h e  h igh  
i o n  d e n s i t i e s  r e s u l t i n g  from t h e  microwave p la sma .  

Ion  c u r r e n t s  were 

T h e  cor responding  

c .  Secondary ion  i n t e n s i t i e s  and behavior .  - I n  S e c t i o n  1 I I , 2  a 
formalism was developed f o r  t h e  f u n c t i o n a l  behavior  of t h e  i n t e n s i t y  of 
secondary ions  r e s u l t i n g  from primary i o n  i n t e r a c t i o n  w i t h  t h e  sample 
gas  i n  t h e  charge  t r a n s f e r  space .  According t o  Equat ion ( 9 ) ,  t h e  secondary 
i o n  i n t e n s i t y  would be p r o p o r t i o n a l  t o  t h e  s a m p l e  gas p r e s s u r e  and t o  t h e  
t o t a l  ( c a r r i e r  gas )  p r e s s u r e  i n  t h e  charge  t r a n s f e r  r eg ion ,  and i t  would 
be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  e l e c t r i c  f i e l d .  To compare t h e  p r e -  
d i c t e d  wi th  the  a c t u a l l y  observed behavior  of secondary ion  i n t e n s i t i e s ,  
a series of experiments  was performed i n  which t h e  v a r i a t i o n  of i o n  
i n t e n s i t i e s  w i th  t h e  i n d i c a t e d  parameters  w a s  i n v e s t i g a t e d .  For  t h i s  
purpose,  a i r  w a s  used as t h e  sample gas  and kry n was t h e  carr ier  
The major secondary ions  observed were H20+ ( M 1  
(M32). The molecular  n i t r o g e n  i o n  a t  mass number 2 8  appeared a l s o ,  bu t  
i t  w i l l  be shown subsequent ly  t h a t  th is  i o n  does not  o r i g i n a t e  i n  the  

fas * N2& (m9) and O2 
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TABLE I X  

PRIMARY I O N  INTENSITIES FOR VARIOUS EXPERIMENTAL CONDITIONS 

D i s charge 
Cond i t  i on 

Microwave E x c i t a t i o n  DC 
D i s  charge a a a b n 

a 

Discharge dc 
p o t e n t i a l  ( v o l t s )  0 470 47 0 47 0 550 

Charge t r a n s f e r ,  d r i f t  
p o t e n t i a  1 (vo I ts  ) 25 25 100 100 25 

Ion  c u r r e n t  
e x t r a c t i o n  p l a t e ( a m p s 1  1. 5 x 1 ~ - 7  7 ~ 1 0 - ~  ~ x I O - ~  1 . 4 ~ 1 0 - ~  2 . 5 ~ 1 0 - ~  

Ion c u r r e n t  e n t e r i n g  
mass s p e c t r .  (amps) 5x10-l1 3xlO-l' 5xlO-l' 7xlO-'O 8x10-l1 

( a )  P r e s s u r e  i n  t h e  charge t r a n s f e r  chamber about 0.18 t o r r .  
( b )  P r e s s u r e  i n  the  charge t r a n s f e r  chamber about  0.09 t b r r .  
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cha rge  t r a n s f e r  r eg ion .  Hence, i t  w i l l  be considered s e p a r a t e l y .  
r e a c t i o n s  thought r e s p o n s i b l e  f o r  t h e  formation of t h e  t h r e e  major 
are  

+ K r  + H 2 0  -+ H20+ + K r  

+ + K r H  + N2 -+ N2H + K r  

+ K r  + O2 4 02+ + K r  

Two of t h e s e  are p l a i n  charge t r a n s f e r  p rocesses ,  while  t h e  i n t e r a c t i o n  
w i t h  n i t r o g e n  r e s u l t s  i n  a proton t r a n s f e r .  

F igu re  30 shows t h e  in f luence  of t h e  a i r  sample p r e s s u r e  upon t h e  
i n t e n s i t y  of t h e  secondary ions .  A s  p r e d i c t e d ,  a l i n e a r  r e l a t i o n s h i p  i s  
observed.  
a r e  almost e q u a l ,  even though t h e  concen t r a t ion  of H 2 0  must be much less 
than  t h a t  of  oxygen. 
g r e a t e r  t han  t h a t  t o  oxygen. Although t h e  rates f o r  React ions (9 )  and 
(11) are  not  a v a i l a b l e ,  i t  can be e s t ima ted  from a s imple theo ry  (Ref.6) 
and from comparison with argon ion  r e a c t i o n s  (Ref. 7,8) t h a t  water reacts 
about  2 0  t imes f a s t e r  than oxygen. I f  t h e  r e a c t i o n  rates are assumed t o  
be k ( H 2 0 )  = 2 x 
c o n t e n t  of one pe rcen t  which corresponds t o  about 50-percent  humidity.  
T h i s  is a r easonab le  va lue .  

It  i s  of i n t e r e s t  t o  no te  t h a t  t h e  H20+ and t h e  02+ i n t e n s i t i e s  

Evident ly  t h e  r a t e  of charge t r a n s f e r  t o  H 2 0  i s  much 

and k(02)  = 1 ~ 1 0 ’ ~ ~ ~  one c a l c u l a t e s  a water vapor 

F igu re  31a g i v e s  t h e  v a r i a t i o n  of secondary i o n  i n t e n s i t i e s  w i t h  the 
d r i f t  vo l t age  a p p l i e d  t o  t h e  charge t r a n s f e r  gap. A t  va lues  less than  
50 v o l t s , t h e  i o n  i n t e n s i t i e s  f i r s t  i n c r e a s e  as expected,  t hen  r each  a 
maximum followed by a sha rp  dec rease .  The dec rease  a t  low d r i f t  v o l t a g e s  
i s  i n t e r p r e t e d  as a decreas ing  c o l l e c t i o n  e f f i c i e n c y  of i ons  withdrawn 
from t h e  charge t r a n s f e r  r eg ion .  I n  Figure 31b t h e  same d a t a  are p l o t t e d  
ve r sus  t h e  i n v e r s e  of t h e  app l i ed  v o l t a g e  t o  show t h a t  t h e  i o n  i n t e n s i t i e s  
e x h i b i t  a l i n e a r  behavior  a t  i n v e r s e  v o l t a g e  values  up t o  one - t en th ,  
corresponding t o  d r i f t  v o l t a g e s  g r e a t e r  t han  10 v o l t s ,  i n  agreement w i t h  
t h e  p r e d i c t i o n  made accord ing  t o  Equation ( 9 ) .  
t h e  i o n  c o l l e c t i o n  e f f i c i e n c y  must have remained reasonably c o n s t a n t  i n  
t h e  v o l t a g e  domain g r e a t e r  t han  10 v o l t s .  

To o b t a i n  t h i s  r e s u l t ,  

F igu re  32 shows t h e  dependence of t h e  i o n  i n t e n s i t i e s  on t h e  c a r r i e r  
gas p r e s s u r e .  Since i n  t h i s  experiment t h e  car r ie r  gas p r e s s u r e  w a s  v a r i e d  
by a d j u s t i n g  t h e  krypton gas  flow, the  d a t a  are complicated by t h e  p o s s i -  
b i l i t y  of a s imultaneous v a r i a t i o n  of t h e  primary i o n  i n t e n s i t y .  Indeed, 
t h e  observed primary i o n  i n t e n s i t y  v a r i e s  by a f a c t o r  of  about  two, bu t  
t h i s  v a r i a t i o n  must be p a r t i a l l y  due t o  a d e c r e a s i n g  c o l l e c t i o n  e f f i c i e n c y  
w i t h  i n c r e a s i n g  p r e s s u r e ,  because t h e  i o n  beam sp reads  as t h e  r e s idences  
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t ime is inc reased .  The secondary ion  i n t e n s i t y ,  H20+, is q u i t e  l i n e a r  
w i t h  p r e s s u r e ,  a rgu ing  a g a i n s t  t h e  importance of primary ion  i n t e n s i t y  
v a r i a t i o n .  
l i n e a r  w i th  p re s su re .  I n  t h e  case of 0 2 ,  t h e  e f f e c t  i s  caused i n  p a r t  
by t h e  i n t r o d u c t i o n  of source  a i r  impuri ty  w i t h  t h e  krypton which r e s u l t s  
i n  an  i n c r e a s e  of t h e  background l e v e l  a t  mass number 32.  Despi te  t h e s e  
compl ica t ions ,  i t  is ev iden t  from Figufe  32 t h a t  t h e  secondary ion  i n t e n s i -  
t i e s  approximate t h e  f u n c t i o n a l  behavior  w i th  c a r r i e r  gas  p re s su re  p r e -  
d i c t e d  by Equation ( 9 ) .  

However, t he  i n t e n s i t i e s  observed f o r  02+ and N2H+ are l e s s  

From these  r e s u l t s  i t  can be concluded t h a t  t h e  v a r i a t i o n  of secondary 
i o n  i n t e n s i t i e s  w i th  t h e  t h r e e  b a s i c  parameters: sample  concen t r a t ion ,  
e l e c t r i c  f i e l d s  s t r e n g t h ,  and c a r r i e r  gas p r e s s u r e ,  are w e l l  descr ibed  by 
Equat ion ( 9 ) .  S ince  i n  t u r n  t h i s  equa t ion  r e s t s  upon the  phys ica l  d e s c r i p -  
t i o n  of t he  processes  r e spons ib l e  f o r  secondary ion  formation i n  t h e  charge 
t r a n s f e r  r eg ion ,  i t  i s  demonstrated t h a t  t h e  charge t r a n s f e r  ion  source  
h e r e  t e s t e d  ope ra t e s  accord ing  t o  t h e  app l i ed  phys ica l  p r i n c i p l e s .  

The use fu lness  of t he  charge t r a n s f e r  ion  source  as an  a n a l y t i c a l  
device  depends t o  a l a r g e  e x t e n t  on t h e  achieved s e n s i t i v i t y .  I n  mass 
spec t rometery ,  t he  s e n s i t i v i t y  i s  o f t e n  expressed as t h e  ion  c u r r e n t  i n  
amps pe r  t o r r  of sample p r e s s u r e  a d m i t t e d ,  and these u n i t s  w i l l  b e  used 
a l s o  he re .  

S e n s i t i v i t i e s  were determined u s i n g  microwave e x c i t a t i o n  of krypton 
apply ing  a push-out p o t e n t i a l  of 400 v o l t s .  The p res su re  i n  t h e  charge 
exchange r eg ion  w a s  ad jus t ed  t o  0 .11 t o r r .  With t h e s e  cond i t ions  t h e  
primary ion  i n t e n s i t y  leav ing  t h e  charge t r a n s f e r  reg ion  w a s  maximized 
and amounted t o  2 x 10-l' amps when the  app l i ed  d r i f t  vo l t age  w a s  30 
v o l t s .  A v a r i e t y  of samples  i nc lud ing  carbon d iox ide ,  carbon d i s u l f i d e ,  
n i t r o u s  oxide,  ammonia,benzene and s u l f u r  d iox ide  were i n v e s t i g a t e d .  
Carbon d iox ide  and n i t r o u s  oxide were admit ted d i r e c t l y  t o  t h e  ion  source ,  
bu t  t h e  o t h e r  samples  were prepared i n  f l a s k s  con ta in ing  about 10 percent  
of the  sample wi th  helium as a b u f f e r .  The d i l u t i o n  wi th  helium avoided 
as excess ive  loading  of t h e  charge t r a n s f e r  i o n  source and t h e  r e s u l t i n g  
n o n l i n e a r i t i e s  of i o n  c u r r e n t s  a t  sample  gas p re s su res  s u f f i c i e n t  f o r  
measurement wi th  t h e  McLeod gauge. The sample p re s su re  admit ted t o  t h e  
sou rce  was l e f t  below 10 microns so  t h a t  i t  amounted t o  less than  10 
pe rcen t  of t h e  t o t a l  gas p re s su re .  The s e n s i t i v i t i e s  obtained f o r  t h e  
p r e s e n t  peaks a r e  shown i n  Table  X .  
t o r s .  For comparison, i t  is noted t h a t  s e n s i t i v i t i e s  f o r  e l e c t r o n  impact 
i o n i z a t i o n  t y p i c a l l y  a r e  amps/ tor r .  Thus, t h e  p re sen t  s e n s i t i v i t i e s  
a r e  by t h r e e  o rde r s  of magnitude lower.  However, e lec t ron- impact  sources  
u s u a l l y  ope ra t e  a t  sample p re s su res  less than  t o r r ,  whereas t h e  p r e s e n t  
dev ice  employs sample p re s su res  up t o  t o r r .  The h igher  u sab le  sample  
p r e s s u r e s  compensate t o  a cons ide rab le  e x t e n t  t h e  lower s e n s i t i v i t y .  I f  
i n  a d d i t i o n ,  a b e t t e r  e x t r a c t i o n  of ions from t h e  d r i f t  r eg ion  can be 
achieved ,  t h e  usab le  ion  c u r r e n t s  a v a i l a b l e  wi th  t h e  p re sen t  device  would 
compare very favorably  wi th  t h e  ion  c u r r e n t s  achieved by e l e c t r o n  impact.  

They are of t h e  o rde r  of 10-8 a m p s /  
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TABLE X 

SENSITIVITY OF CHA RAL 
SAMPLE GASES 

Sample Gas Pressure Mass of Ion Current Sensitivity 

Peak , 
10-l~ (amps) amp/torr (Torr) Parent 

Carbon dioxide 0.005 44 6.0 1.2 

10% Carbon disulfide 
in helium O.OO6 76 

Nitrous Oxide 0.003 44 

8% benzene in helium 0.015 78 

4.8 8.0 

5.5 1.8 

8.8 7.3 

9% ammonia helium 0.003 17 1.7 

11% sulfur dioxide' 
in helium 0.003 64 2.7 

6.1 

8 . 3  
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Severa l  o t h e r  f a c t o r s  must a l s o  be cons ide red .  Losses i n  t h e  magnetic 
spectrometer  used i n  t h e s e  experiments amount t o  about 60 pe rcen t .  These 
a r e  not considered i n  Table X so t h a t  t h e  ion  c u r r e n t s  emerging from t h e  
sou rce  are h i g h e r .  I n  a d d i t i o n ,  i t  should be noted t h a t  t h e  d r i f t  v o l t a g e  
and t h e  c a r r i e r  gas p r e s s u r e  i n  t h e  charge t r a n s f e r  r eg ion  were no t  o p t i -  
mized. These f avorab le  f a c t o r s  are  o f f s e t  by t h e  o b s e r v a t i o n  t h a t  w i t h  
t h e  p r e s e n t  arrangement t h e  microwave d i scha rge  r e s u l t e d  i n  enhanced 
fragment ion  formation.  I n  t h i s  r e s p e c t ,  t h e  u s e  of t h e  dc d i scha rge  
w a s  found more f a v o r a b l e ,  even though i t  i s  less i n t e n s e .  On t h e  b a s i s  
of t h e s e  comments, i t  appears  t h a t  t h e  values  l i s t e d  i n  Table  X provide 
a r e a l i s t i c  assessment of a t t a i n a b l e  s e n s i t i v i t i e s .  

d .  I o n i z a t i o n  processes  o t h e r  t han  charge t r a n s f e r .  - The over-  
r i d i n g  f e a t u r e  of t h e  concept of charge t r a n s f e r  from ions having low 
k i n e t i c  energy as a technique f o r  sample ion product ion i n  a mass spectrom- 
e t e r  is t h e  energy l i m i t a t i o n  imposed upon the  charge t r a n s f e r  process  by 
t h e  recombination energy of t h e  primary ion and the  a s s o c i a t e d  l i m i t a t i o n  
of fragment ion  formation.  
vious s e c t i o n s  have demonstrated the  f e a s i b i l i t y  of t h e  method, t hey  have 
a l s o  exposed an  unexpectedly high product ion rate of fragment ions and 
of ions wi th  i o n i z a t i o n  ene rg ie s  above t h a t  of the primary i o n s .  Th i s  
c l e a r l y  u n d e s i r a b l e  e f f e c t  made i t  necessary t o  i n v e s t i g a t e  more systemat-  
i c a l l y  i t s  o r i g i n  so  t h a t  a p p r o p r i a t e  r e m e d i e s  could be determined and 
a p p l i e d .  

While t h e  experiments d i scussed  i n  t h e  p r e -  

Among a v a r i e t y  of p o s s i b l e  causes  f o r  t h e  formation of fragment 
i o n s  a r e  (1)  a p e n e t r a t i o n  of t h e  p l a s m a  boundary i n t o  t h e  charge t r a n s f e r  
r e g i o n ;  ( 2 )  t e r t i a r y  r e a c t i o n s  producing new s p e c i e s ;  ( 3 )  c o l l i s i o n s  of 
i ons  wi th  excess  k i h e t i c  energy;  ( 4 )  back d i f f u s i o n  of sample  gas i n t o  
t h e  d i scha rge  r eg ion ;  (5) r e a c t i o n s  of doubly charged ions .  These p o s s i -  
b i l i t i e s  w i l l  be d i scussed  below. 

The d i r e c t  i n t e r a c t i o n  of t he  boundary of t h e  d i scha rge  wi th  the  
sample can take va r ious  forms depending upon t h e  f i e l d  and gas flow 
c o n d i t i o n s  i n  t h e  v i c i n i t y  of t h e  o r i f i c e  connect ing the d i scha rge  and the  
charge t r a n s f e r  r eg ions .  The q u a l i t a t i v e  f e a t u r e s  of t h i s  i n t e r a c t i o n  
B r e  e x h i b i t e d  by t h e  d a t a  shown i n  Table X I  which compares peak i n t e n s i -  
t i e s  observed w i t h  t h e  microwave d i scha rge  and t h e  dc d i scha rge  f o r  
s e v e r a l  d i scha rge  f i e l d  cond i t ions  wi th  and without  sample t o  t h e  chargk 
t r a n s f e r  r eg ion .  The c a r r i e r  gas  w a s  argon, t h e  s a m p l e  gas a i r ,  and t h e  
p r e s s u r e  and f i e l d  i n  t h e  charge t r a n s f e r  r eg ion  were kept  c o n s t a n t  a t  
0.155 t o r r  and 30 vo l t s / cm,  r e s p e c t i v e l y .  The main r e a c t i o n s  a r e  

+ -t A + 0 2 - , A + 0 2  
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TABLE X I  

C O b A d I S O N  OF ION I N T E N S I T I E S  FOR MICROWAVE AND DC DISCHARGE 
WITH ARGON CARRIER AND A I R  AS SAMPLE GAS 

Type of discharge 
operat ion M i c  rowave DC 

Push -out vo 1 tage 0 400 500 

A i r  sample pressure 0 10 10 0 10 
*I 

14 

16 

17 

18 

19 

20 

28 

29 

30 

32 

33 

40 e s t  

41 

6 

7 

2 

10 

27 
- 
7 

7 

135 

18 

- 
950 

450 

6 

7 

2 

16 

47 
- 

27 

14 

16 0 

62 

15 

900 

2 90 

5 

5 

2 

24 

2 
- 

91  

20 

12 

104 

- 
2300 

115 

- 
- 
- 

2 1  
- 
9 

2 
- 
4 

6 
- 

17 00 

56 

6 

6 

1 

28 

3 

2 

41 

2 1  

4 

90 

2 

1700 

67 

+ +  
N2 'O2 

- 0.46 0.98 - 0.45 
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A H + N 2  + - + A + N 2 H  + 

+ + + H20 + A  + H 2 0  A 

+ AH+ + 50 - A + H ~ C I  

The p ro ton  t r a n s f e r  from AH+ i s  pronounced only when t h e  push-out f i e l d  
i n  t h e  (microwave) d i scha rge  is s m a l l  s o  t h a t  a cons ide rab le  i n t e n s i t y  of 
AH+ is produced by v i r t u e  of t h e  enhanced i n t e r a c t i o n  of argon ions  wi th  
water vapor i n  t h e  d i scha rge .  This  e f f e c t  i s  d i scussed  i n  S e c t i o n  I I i , 4 , a .  
O f  p a r t i c u l a r  in terest  h e r e  is  t h e  r e l a t i v e l y  p r o b a b i l i t y  of charge t r a n s -  
f e r  t o  n i t r o g e n  and oxygen. The r a t i o  of i o n  i n t e n s i t i e s  N2+/02+ ob ta ined  
w i t h  t h e  d c  d i scha rge  i s  N2+/02+ = 0.46. That w i th  t h e  microwave d i s -  
charge i s  N2+/02' = 0.45, when t h e  app l i ed  push-out p o t e n t i a l  is zero,  
b u t  t h e  i n t e n s i t y  r a t i o  i n c r e a s e s  t o  N2+/02+ = 0.98, when a h igh  push- 
o u t  p o t e n t i a l  of 400 v o l t s  i s  a p p l i e d .  The f i r s t  two va lues  are i n  
p e r f e c t  agreement w i t h  each o t h e r ,  d e s p i t e  t h e  d i f f e r e n t  d i scha rge  
c o n d i t i o n s ,  i n d i c a t i n g  t h a t  charge t r a n s f e r  is t h e  predominant process  
of N2+ and 02+ formation. The observed va lue  of N2 /02+ = 0.46 is  a l s o  
c o n s i s t e n t  i n  magnitude wi th  t h e  approximately known values  f o r  t h e  
involved r a t e  c o e f f i c i e n t s  (Ref. 7 ) .  The i n c r e a s e  of t h e  N2+/OZ+ value 
wi th  i n c r e a s i n g  ion  push-out f i e l d  i n  t h e  case  of microwave e x c i t a t i o n ,  
t h e r e f o r e ,  p o i n t s  t o  an a d d i t i o n a l  i o n i z a t i o n  p rocess  caused by a forced 
p e n e t r a t i o n  of t h e  p lasma i n t o  the  ckarge t r a n s f e r  r eg ion .  Plasma i n t r u -  
s i o n  i s  p o s s i b l e  because t h e  plasma i o r c e s  between ions  and e l e c t r o n s  
res is t  t h e i r  s e p a r a t i o n  and only a f t e r  t h e i r  c o n c e n t r a t i o n  i s  s u f f i c i e n t l y  
reduced by the  sp read ing  of t h e  p lasma w i l l  t hey  move independent ly  of 
each o t h e r  s o  t h a t  t hey  can be separated by t h e  e l e c t r i c  f i e l d .  The 
r e s u l t i n g  presence of e l e c t r o n s  i n  t h e  r e a c t i o n  r eg ion  makes e l e c t r o n  
impact t h e  most probable  process  of sample gas i o n i z a t i o n  i n  a d d i t i o n  t o  
cha rge  t r a n s f e r .  This  conc lus ion  i s  similar t o  t h a t  reached i n  Sec- 
t i o n  I I I , 4 , a  on d i f f e r e n t  grounds. Another conceivable  p rocess ,  t h e  
i n c r e a s e  of t h e  k i n e t i c  energy of t h e  primary ions i n  t h e  f r i n g e  f i e l d  
of t h e  plasma cannot be made r e s p o n s i b l e  f o r  t h e  i n c r e a s e  i n  n i t r o g e n  
i o n i z a t i o n  because t h e  ions are a c c e l e r a t e d  most while  pas s ing  t h e  
cathode f a l l  r eg ion  of t h e  dc d i scha rge  wi thou t ,  however, caus ing  t h e  
r e l a t i v e  N ~ +  i n t e n s i t y  t o  inc rease .  

A f u r t h e r  example f o r  t h e  d i f f e r e n t  a c t i o n  of t h e  microwave and t h e  
dc d i scha rge  i s  shown i n  F igu re  33 which d i s p l a y s  s p e c t r a  obtained wi th  
krypton as t h e  c a r r i e r  gas and s u l f u r  d i o x i d e  as t h e  sample .  The upper 
two t r a c e s  were obtained w i t h  microwave e x c i t a t i o n .  They demonstrate a 
c o n s i d e r a b l e  fragmentary i o n i z a t i o n  by peaks of M48 ( S o t )  and 32 (02+ and/or  
S') . 
ment peaks are  a b s e n t .  Neve r the l e s s ,  i o n i z a t i o n  o t h e r  t h a n  by charge 
t r a n s f e r  must a l s o  occur wi th  t h e  dc d i s c h a r g e  i n  view of t h e  n i t r o g e n  
i o n i z a t i o n  observed when a i r  is  used as a sample and krypton i s  t h e  

I n  t h e  lower traces,  obtained wi th  dc d i scha rge  o p e r a t i o n ,  t h e  f r a g -  
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c a r r i e r  gas.  Accordingly,  a nutnber of experiments  were performed wi th  
n i t r o g e n  and t h e  krypton  dc d i scha rge .  

For n i t r o g e n  as t h e  sample g a s ,  i o n i z a t i o n  by t e r t i a r y  r e a c t i o n s ,  
i .e . ,  i o n i z a t i o n  by secondary i o n s ,  can  be r u l e d  ou t  because of t h e  h igh  
i o n i z a t i o n  p o t e n t i a l  of n i t rogen .  Indeed, i n  many r e s p e c t s ,  t h e  observed 
N2+ i od  c u r r e d t  behaved similar t o  t h a t  of o t h e r  secondary i o n s ,  For ex- 
ample, t h e  N2' i n t e n s i t y  w a s  l i n e a r  w i t h  t h e  n i t r o g e n  sample c o n c e n t r a t i o n  
i n  t h e  charge t r a n s f e r  chamber. F igure  34 shows t h e  v a r i a t i o n  of the N2' 
c u r r e n t  w i th  t h e  d r i f t  v o l t a g e  appZied t o  t h e  charge t r a n s f e r  r eg ion .  The 
observed f u n c t i o n h l  behavior  i s  i d e n t i c a l  t o  t h a t  of o t h e r  secondary ions  
( v i z .  F igure  3 1 1 ,  i .e. , t h e  N2+ i n t e n s i t y  f i r s t  reaches  a maximum, t h e n  
d e c l i n e s  w i t h  approximately i n v e r s e  p r o p o r t i o n a l i t y  t o  t h e  d r i f t  v o l t a g e .  
This  behavior  i s  a p p o s i t e  t o  t h a t  expected i f  n i t r o g e n  were ion ized  by 
primary ions  having gained k i n e t i c  energy from t h e  e l e c t r o n  f i e l d  so t h a t  
t h i s  process  can be r u l e d  o u t .  

F igure  34 a l s o  shows a n  i n c r e a s e  i n  t h e  primary i o n  i n t e n s i t y  wi th  
i n c r e a s i n g  d r i f t  v o l t a g e .  These ions  are known t o  have t h e i r  o r i g i n  i n  
t h e  d i scha rge .  
i n c r e a s e s ,  it is  apparent  t h a t  N2+ is  not  formed d i r e c t l y  i n  t h e  d i scha rge .  
This  conclus ion  a rgues  a g a i n s t  t h e  s i g n i f i c a n c e  of  back d i f f u s i o n  i n t o  t h e  
d i s c h a r g e ,  but  i t  does not  prec lude  an i n t e r a c t i o n  of  N2 wi th  t h e  boundary 
of  t h e  d i scha rge .  To t e s t  t h e  second p o s s i b i l i t y ,  t h e  in f luence  of t h e  
p r e s s u r e  on t h e  N2+ i n t e n s i t y  w a s  i n v e s t i g a t e d .  The r e s u l t s  shown i n  F ig-  
u r e  35 demonstrate  a decrease  of N2+ formation w i t h  i n c r e a s i n g  p r e s s u r e ,  
i n  c o n t r a s t  t o  t h e  behavior  of 02' and H20+ which have been shown t o  occur  
by charge t ransfef t  involv ing  Kr+.  Also p l o t t e d  i n  F igure  35 is t h e  s i g n a l  
due t o  N+ t o  i n d i c a t e  i t s  co-var iance  with N2+. The dec rease  of  n i t r o g e n  
i o n  i n t e n s i t i e s  w i th  i n c r e a s i n g  p r e s s u r e  i s  i n d i c a t i v e  of some back d i f -  
f u s i o n  of sample gas  i n t o  t h e  d i scha rge  boundary r eg ion  and a suppres s ion  
of t h i s  e f f e c t  w i t h  an i n c r e a s e  i n  p re s su re .  S ince  t h e  c o n c e n t r a t i o n  of 
sample d i f f u s i o n  a long  t h e  o r i f i c e  channel  i n  o p p o s i t e  d i r e c t i o n  of t h e  
gas  flow dec reases  markedly w i t h  t h e  d i s t a n c e  from t h e  channel  end, t h e  
0.06-cm diameter  and 0.06 cm long o r i f i c e  was r ep laced  by a similar o r i -  
f i c e  0 . 5  cm long ,  and 0.1 cm i n  d iameter .  The wider channel permi t ted  an 
equ iva len t  gas  flow. The r e s u l t s  ob ta ined  w i t h  t h e  second o r i f i c e  were 
inconc lus ive .  The N2+ i o n  c u r r e n t s  were indeed sma l l e r  bu t  so were t h e  . 
primary krypton c u r r e n t s ,  presumably due t o  a less e f f i c i e n t  primary i o n  
e x t r a c t i o n .  Thus, t h e  N2+/Kr+ ra t io  should be used as t h e  a p p r o p r i a t e  i n -  
d i c a t o r  f o r  any a t t a i n e d  improvement. On t h e  average,  t h i s  r a t i o  w a s  by 
a f a c t o r  of  1 .7  lower when t h e  long o r i f i c e  was  used i n  p l ace  of t h e  s h o r t  
o r i f i c e .  While t h e  dec rease  of t h e  lQ+/Kr+ r a t i o  may be cons idered  an im-  
provement, it fa l l s  f a r  s h o r t  of t h e  expected r e d u c t i o n  by a t  least an 
o r d e r  o f  magnitude. It i s ,  however, d i f f i c u l t  t o  p r e d i c t  t h e  d i scha rge  
boundary i n  t h e  v i c i n i t y  of t h e  o r i f i c e  w i t h  any accuracy due t o  t h e  
s t r o n g  dependence on flow and f i e l d  c o n d i t i o n s  which are unknown. As a 
'consequence it appears  t h a t  a reasonably  e f f e c t i v e  e l i m i n a t i o n  of t h e  
sample gas-d ischarge  i n t e r a c t i o n  can  be achieved on ly  by a d i f f e r e n t i a l l y  
pumped gap s e p a r a t i n g  t h e  d i scha rge  f r o  e charge t r a  f e r  reg ion .  This 
f e a t u r e  would c l i c a t e  t h e  simp1 of t h e  p r e s e  sou rce ,  s i n c e  i t  

Since  t h e  N2+ i n t e n s i t y  dec reases  as t h e  K r +  i o n  c u r r e n t  
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Figure 34.  Dependence of ion in tens i t i e s  of N2+, Kr', Kr* on dr i f t  
voltage a p p l i e d  t o  charge transfer gap; krypton carrier 
and nitrogen sample gas. 
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r e q u i r e s  t h e  a d d i t i o n  of a s imple focus ing  element t o  d i r e c t  t h e  primary 
i o n  beam i n t o  t h e  charge t r a n s f e r  chamber. No a t t e m p t s  were made du r ing  
t h e  p r e s e n t  c o n t r a c t u a l  pe r iod  t o  modify t h e  ' f e a s i b i l i t y  charge t r a n s f e r  
source i n  t h i s  manner. 

Although t h e  d a t a  shown i n  F igu re  35 i n d i c a t e d  t h e  i n t e r a c t i o n  of 
sample.gas  wi th  t h e  d i s c h a r g e  as a probable  source of n i t r o g e n  i o n i z a t i o n ,  
t h e r e  remained the  p o s s i b i l i t y  of charge t r a n s f e r  by doubly charged krypton 
i o n s .  Such .ions are p r e s e n t  i n  the primary i o n  beam a t  a c o n c e n t r a t i o n  
of about  1 pe rcen t  of t h a t  of s i n g l y  charged krypton ions.  The recom- 
b i n a t i o n  energy of Kr* t o  g ive  K r +  i s  24.6 e V  which is  s u f f i c i e n t  t o  
g e n e r a t e  no t  only N2+ but  a l s o  $. 
t h e  krypton carr ier  is conceivable .  Accordingly,  t h e  r e a c t i o n  p o s s i b i l i -  
t i e s  are 

I n  a d d i t i o n ,  a charge exchange w i t h  

+ Kr* + N2 -. N2+ + K r  

+ + + N + N  + K r  

Kr* + K r  -+ Kr' f Kr' 

f This  mechanism could conceivably e x p l a i n  t h e  dec rease  of N2+ and N 
w i th  i n c r e a s i n g  p r e s s u r e  (Figure 35) e i t h e r  by t h e  i n c r e a s i n g  i n f  h e n c e  
of React ion ( 2 3 ) ,  o r  simply by a d e c r e a s i n g  p roduc t ion  of K@ i n  t h e  
d i scha rge  as t h e  p r e s s u r e  i s  r a i s e d .  F igu re  36a shows t h e  r a t i o  of Kr*iKr+ 
i on  c u r r e n t s  a s  a f u n c t i o n  of t h e  app l i ed  d r i f t  v o l t a g e  i n  t h e  charge t r a n s -  
f e r  chamber, with and wi thou t  t he  presence of n i t r o g e n .  I n  both c a s e s ,  
t h e  r a t i o  remains c o n s t a n t  d e s p i t e  t he  v a r i a t i o n  of t h e  ion  r e s idence  t i m e  
w i t h  varying d r i f t  vo l t age .  It i s  c l e a r  t h a t  t h i s  behavior excludes a 
s i g n i f i c a n t  i n f l u e n c e  of React ion (23 ) .  F u r t h e r  data  are given i n  
F i g u r e  36b t o  show t h a t  t h e  K r u / K r +  i on  i n t e n s i t y  r a t i o  dec reases  wi th  
i n c r e a s i n g  p r e s s u r e  so t h a t  indeed a dec rease  i n  t h e  r e l a t i v e  Kr* pro- 
duc t ion  rate occur s .  
remains e s s e n t i a l l y  una f fec t ed  by t h e  p r e s s u r e  v a r i a t i o n ,  whereas i t  
should i n c r e a s e  wi th  p r e s s u r e ,  due t o  t h e  inc reased  Kr* r e s i d e n c e  t i m e  
i f  React ion (21) were a s i g n i f i c a n t  source of N2+.  
i n  F igu res  36a and 36b do not  completely preclude t h e  occurrence of 
React ions ( 2 1 ) ,  (22 ) ,  and (23) ,  bu t  t h e  preponderant process  f o r  n i t r o g e n  
i o n i z a t i o n  must be d i f f e r e n t .  Accordingly,  it i s  concluded t h a t  t h e  
i n t e r a c t i o n  of sample gas w i t h  t h e  boundar of t h e  d i s c h a r g e  remains t h e  
p r i n c i p a l  cause f o r  t h e  observed N2+ and Nsl i o n s .  

However, t h e  r a t i o  N2+/KrS+ of t h e  ion  i n t e n s i t i e s  

C l e a r l y ,  t h e  r e s u l t s  
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Figure 36. (a1 *Dependence of the Kr*/Kr+ ion current rat io  and the 

Kr 
transfer gap with and without the addition of nitrogen 
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rat ios  on the krypton carrier gas pressure i n  the charge 
transfer space. 
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Dependence of the Kr*/Kr+ and the Nz+/Krfc ion current 
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5 .  Conclusions and Recommendations 

The r e s u l t s  ob ta ined  w i t h  t h e  charge t r a n s f e r .  i on  source  can  be 
b r i e f l y  summarized as fol lows:  
duced i n  a d i scha rge  source e n t e r  i n t o  a r e a c t i o n  r eg ion  where they  d r i f t  
i n  a weak e l e c t r i c  f i e l d  and are mainly discharged on t h e  w a l l s  o f  t h e  
chamber. Charge t r a n s f e r  and proton t r a n s f e r  t o  a sample gas introduced 
t o  t h e  r e a c t i o n  r e g i o n  c r e a t e  secondary ions which are e x t r a c t e d  and ana- 
lyzed wi th  a magnetic mass spectrometer .  The i n t e n s i t y  of secondary i o n s  
i n c r e a s e s  w i t h  i n c r e a s i n g  primary i o n  c u r r e n t s ,  w i th  i n c r e a s i n g  sample 
c o n c e n t r a t i o n  and wi th  i n c r e a s i n g  r e s idence  t i m e  o f  t h e  primary ions  i n  
t h e  charge t r a n s f e r  chamber. S e n s i t i v i t i e s  achieved are of t h e  o r d e r  of 
10-8 amps/ torr .  
i t i e s  observed w i t h  e l e c t r o n  impact; however, no pronounced disadvantage 
r e s u l t s  from t h e  lower s e n s i t i v i t i e s ,  s i n c e  t h e  a p p l i c a b l e  sample  p re s -  
s u r e s  can  be h i g h e r .  The p r e s e n t  source c o n f i g u r a t i o n  r e q u i r e s  e x t r a c -  
t i o n  f i e l d s  of 5 vo l t s / cm o r  h i g h e r .  
t i o n  e f f i c i e n c y  dec reases .  

Primary ions of krypton ( o r  argon) pro- 

Th i s  i s  s e v e r a l  o r d e r s  of magnetude lower t h a n  s e n s i t i v -  

A t  lower f i e l d  s t r e n g t h  t h e  e x t r a c -  

The p r e s e n t  i n v e s t i g a t i o n  has  exposed two major problem areas a s s o c i -  
a t e d  w i t h  t h e  t e s t  des ign .  One is  t h e  p e r t u r b i n g  i n f l u e n c e  of i m p u r i t i e s  
i n  t h e  c a r r i e r  gas upon t h e  composition of t h e  primary ion  beam; t h e  o t h e r  
i s  t h e  i o n i z a t i o n  of sample gas by processes  o c c u r r i n g  i n  a d d i t i o n  t o  
charge t r a n s f e r ,  mainly t h e  i n t e r a c t i o n  of s a m p l e  gas wi th  t h e  boundary 
of t h e  d i scha rge  i n  t h e  primary i o n  source .  

To remedy t h i s  s i t u a t i o n ,  i t  appears  t h a t  a r e d e s i g n  of t h e  charge 
t r a n s f e r  i on  source i s  r e q u i r e d .  The improved i o n  source  would have t o  
be bakable so t h a t  o f f - g a s s i n g  of i m p u r i t i e s  from t h e  walls can be re- 
duced, and a c l e a n e r  i n l e t  system f o r  t h e  c a r r i e r  gas should be i n s t a l l e d .  
I n  a d d i t i o n ,  t h e  i o n i z a t i o n  of sample  g a s , b y  t h e  f r i n g e  of t h e  d i scha rge  
must be e l imina ted .  Implementation of thtzse d e s i g n  changes i s  expected 
t o  r e s u l t  i n  an  improvement of t h e  primary and secondary i o n  mass spec-  
t r a  t o  t h e  po in t  where t r a c e  gas  a n a l y s i s  becomes f e a s i b l e .  
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I V .  €USONANCE SCATTERING FOR HIGH AND ULTRA-HIGH VACUUM 
PRESSURE GAUGE CALIBRATION 

1. I n t r o d u c t i o n  

I n  t h e  u l t r a - h i g h  vacuum region ,  a t  p re s su res  below low8 t o r r ,  pres- 
s u r e  measurements are cus tomar i ly  performed wi th  i o n i z a t i o n  gauges. The 
o p e r a t i n g  p r i n c i p l e  of an i o n i z a t i o n  gauge is  t h e  i o n i z a t i o n  of r e s i d u a l  
gas  molecules by e l e c t r o n s  generated a t  a f i l amen t .  
c u r r e n t  i s  measured a t  a c o l l e c t o r  e l e c t r o d e .  To inc rease  t h e  e l e c t r o n  
pa th  and thereby  i n c r e a s e  the c o l l i s i o n  p r o b a b i l i t y  a t  low gas p r e s s u r e s  
t h e  e l e c t r o n s  are made t o  o s c i l l a t e  a c r o s s  a g r i d  which i s  kept  a t  pos i -  
t i v e  p o t e n t i a l  wi th  r e s p e c t  t o  both,  t h e  f i l amen t  and t h e  ion  c o l l e c t o r .  
I n  the in t e rmed ia t e  p re s su re  range, t h e  observed ion  c u r r e n t  i s  propor-  
t ioned  t o  t h e  gas p re s su re ,  but  n o n l i n e a r i t i e s  are observed both  a t  h igh  
and a t  low p res su res .  The high p res su re  n o n l i n e a r i t y  i s  due t o  s a t u r a t i o n  
e f f f E t s .  
10- 
i n t e r a c t i o n  wi th  t h e  c o l l e c t o r  of X-rays produced a t  t h e  g r i d  by f a s t  
e l e c t r o n s .  These f a c t o r s ,  as w e l l  as t h e  dependence of i o n i z a t i o n  e f f i -  
c i e n c i e s  upon t h e  type of gas  p re sen t  make it necessary  t o  c a l i b r a t e  t h e  
i o n i z a t i o n  a g a i n s t  a s tandard  before  use.  

The r e s u l t i n g  i o n  

I t  becomes n o t i c a b l e  above 10-4 t o r r .  A t  low pressures below 
t o r r ,  t h e  n o n l i n e a r i t y  i s  caused by a r e s i d u a l  c u r r e n t  due t o  t h e  

Absolute  p re s su re  measurements are  cus tomar i ly  performed wi th  t h e  
McLeod gauge. Unfor tuna te ly ,  i t  is a n  a c c u r a t e  instrument  only a t  p re s su res  
g r e a t e r  than  t o r r ,  a l though u s e f u l  accu rac i e s  are s t i l l  a v a i l a b l e  i n  
t h e  t o r r  range. I n  u s i n g  t h e  McLeod gauge as a s tandard  f o r  t h e  
c a l i b r a t i o n  of an  i o n i z a t i o n  gauge, i t  is  c l e a r  t h a t  t h e  range of ove r l ap  
is  small, and one has  to  r e l y  upon an  e x t r a p o l a t i o n  t o  determine t h e  
c a l i b r a t i o n  of t h e  i o n i z a t i o n  gauge a t  p re s su res  less than  t o r r .  
Although t h e  e x t r a p o l a t i o n  procedure i s  o f t e n  used, it must be app l i ed  
w i t h  cau t ion  i n  view of t h e  nonl inear  response of t h e  i o n i z a t i o n  gauge 
i n  t h e  p re s su re  r eg ion  over lapping  wi th  t h a t  of t h e  McLeod gauge. More- 
over  , the n o n l i n e a r i t y  of t h e  i o n i z a t i o n  gauge a t  p re s su res  below 10-10 
t o r r  i n v a l i d a t e s  t h e  e x t r a p o l a t i o n  t o  t h i s  low p res su re  regime, s o  t h a t  
a t  low p res su res  an  a b s o l u t e  c a l i b r a t i o n  i s  precluded.  

I n  sea rch ing  f o r  methods t h a t  could overcome t h e s e  d i f f i c u l t i e s  it 
has  been suggested t h a t  a resonance s c a t t e r i n g  technique might provide a 
s u i t a b l e  secondary s tandard  f o r  t h e  c a l i b r a t i o n  of t h e  i o n i z a t i o n  gauge. 
Owing t o  t h e  comparat ively lar e cross s e c t i o n s  a s s o c i a t e d  wi th  atomic 
resonance a b s o r p t i o n  (cr e 
s c a t t e r i n g  can  be a very s e n s i t i v e  technique  f o r  t h e  d e t e c t i o n  of atomic 
spec ie s .  I n  t h e  concen t r a t ion  range where l o s s e s  of i n t e n s i t y  by l i g h t  
a b s o r p t i o n  are n e g l i g i b l e ,  t h e  s c a t t e r e d  s i g n a l  is s t r i c t l y  p ropor t iona l  
t o  t h e  p re s su re  of t h e  scatterer. Thus, it i s  expected t h a t  compared 
w i t h  the i o n i z a t i o n  gauge, resonance s c a t t e r i n g  w i l l  provide a more 

cm2 i n  t h e  c e n t e r  of t h e  l i n e ) ,  resonance 
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r e l i a b l e  l i n e a r  e x t r a p o l a t i o n  t o  low p r e s s u r e s ,  s t a r t i n g  from t h e  p r e s s u r e  
range i n  which c a l i b r a t i o n  w i t h  a McLeod gauge i s  f e a s i b l e .  Because i t s  
u s e  is r e s t r i c t e d  t o  stable atomic s p e c i e s  such as rare gases ,  resonance 
s c a t t e r i n g  cannot r e p l a c e  t h e  i o n i z a t i o n  gauge; however, i t  would provide 
a ve ry  va luab le  c a l i b r a t i o n  a i d .  

I n  t h i s  s e c t i o n  of t h e  r e p o r t  t h e  f e a s i b i l i t y  of resonance s c a t t e r i n g  
i n  t h e  h igh  and u l t r a - h i g h  vacuum r e g i o n  i s  explored.  Xenon was s e l e c t e d  
as t h e  s c a t t e r i n g  gas ,  because i t s  f i r s t  resonance l i n e  a t  1470g l ies  i n  
a wavelength r eg ion  a c c e s s i b l e  by window materials and d e t e c t o r s .  The 
o t h e r  rare gases ,  w i t h  excep t ion  of krypton, have t h e i r  resonance l i n e s  
a f f e c t e d  by t h e  t r ansmiss ion  c u t - o f f  of l i t h i u m  f l u o r i d e .  A schematic 
diagram of t h e  resonance s c a t t e r i n g  geometry and t h e  involved components 
i s  shown i n  F igu re  37a. The s e t u p  inco rpora t e s  a co l l ima ted  xenon l i g h t  
sou rce ,  and a uv pho tomul t ip l i e r  d e t e c t o r  viewing t h e  s c a t t e r i n g  chamber 
s o  t h a t  d i r e c t  exposure t o  t h e  incoming r a d i a t i o n  is  avoided. 
horns are employed t o  e l i m i n a t e  back s c a t t e r i n g  from walls. 

Wood's 

The e f f i c i e n c y  of such a system is  determined t o  a l a r g e  e x t e n t  by 
t h e  e f f i c i e n c y  of t h e  l i g h t  sou rce .  The requirements  placed upon t h e  
l i g h t  sou rce ,  i n  f a c t ,  are unique i n  comparison t o  lamps  f o r  almost any 
o t h e r  purpose i n  t h a t  one r e q u i r e s  no t  only a h igh  i n t e n s i t y  but  a l s o  
a n  emission l i n e  width as narrow as p o s s i b l e  i n  o rde r  t o i a c h i e v e  a good 
ove r l ap  of t h e  emit ted l i n e  shape wi th  t h a t  of t h e  a b s o r p t i o n  l i n e  bf 
t h e  gas i n  t h e  s c a t t e r i n g  chamber. 
if t h e  l i n e  width of t h e  e m i t t i n g  l i n e  were narrower than  t h a t  of t h e  
a b s o r p t i o n  l i n e ,  b u t  t h i s  s i t u a t i o n  u s u a l l y  cannot be accomplished i n  
view of t h e  e l eva ted  temperatures  of t h e  l i g h t  source e m i t t e r  gas and 
t h e  r e s u l t i c g  l i n e  broadening. I n  a d d i t i o n  i t  i s  found t h a t  measures 
taken t o  reduce t h e  Il ine width of a l i g h t  source a l s o  dec rease  t h e  emit-  
ted i n t e n s i t y .  Consequently, one has t o  determine e m p i r i c a l l y  t h e  o p t i -  
mum o p e r a t i n g  c o n d i t i o n s  f o r  a given l i g h t  sou rce .  This  r e p o r t  d i s c u s s e s  
t h e  r e s u l t s  f o r  t h r e e  d i f f e r e n t  sou rces :  (1) a small dc cold cathode 
d i scha rge  source ,  ( 2 )  a mildly condensed a c  d i scha rge  source  and (3 )  a 
microwave powered d i s c h a r g e  source .  
charge sou rce  were desc r ibed  i n  d e t a i l  i n  a previous r e p o r t  (Ref. 9)  and 
i t  i s  used h e r e  mainly f o r  comparison. The fo l lowing  s e c t i o n s  g i v e  f i r s t  
t h e  t h e o r e t i c a l  background f o r  resonance s c a t t e r i n g ,  t h e n  d e s c r i b e  t h e  
experimental  appa ra tus  and procedures.  The r e s u l t s  and t h e i r  implica-  
t i o n s  are d i scussed  subsequent ly .  

Optimum c o n d i t i o n s  would be ob ta ined ,  

The c h a r a c t e r i s t i c s  of t h e  dc d i s -  

2 .  T h e o r e t i c a l  Cons ide ra t ions  

The two important parameters of a resonance l i g h t  sou rce  are i t s  
i n t e n s i t y  and t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  emit ted resonance l i n e .  
Both parameters are determined t o  a l a r g e  e x t e n t  by t h e  number d e n s i t y  
of t h e  resonance atomic s p e c i e s  i n  t h e  sou rce .  I f  e x c i t a t i o n  occurs  by 
e l e c t r o n  c o l l i s i o n ,  t h e  p r o b a b i l i t y  of e x c i t a t i o n  i n c r e a s e s  w i t h  t h e  number 
d e n s i t y  of t h e  atoms. A t  t h e  same t i m e ,  however, a p o r t i o n  of t h e  emi t t ed  
r a d i a t i o n  is trapped due t o  t h e  inc reased  s e l f - a b s o r p t i o n .  The combination 
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Figure 37a. Principle of resonance scattering. 
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Figure 37b. Resonance scattering apparatus. 

80 



of both e f f e c t s  broadens t h e  emit ted l i n e .  The l i n e  shape i s  f u r t h e r  
determined by t h e  t h i c k n e s s  of t h e  c o o l  gas l a y e r  i n  f r o n t  of t h e  window 
from which t h e  r a d i a t i o n  emerges. 
gas  l a y e r  may reduce t h e  emission i n  t h e  l i n e  c e n t e r  t o  n e g l i g i b l e  l e v e l s .  
Since t h e s e  f a c t o r s  cannot e a s i l y  be e s t ima ted ,  it is convenient  t o  
r e p r e s e n t  t h e  emission i n t e n s i t y  of t h e  r iwmance  l i n e  as a product of 
t h e  t o t a l  l i n e  i n t e n s i t y  Io i n  photons/cm2-sec and a normalized d i s t r i -  
b u t i o n  frequency f u n c t i o n  g (v )  such t h a t  t h e  i n t e n s i t y  f a l l i n g  i n t o  t h e  
frequency i n t e r v a l  dv is  given by 

A c o n s i d e r a b l e  abso rp t ion  i n  t h e  c o o l  

dI  = Iog(v)dv (24) 

If  it i s  assumed t h a t  t he  source e n i s s i o n  f a l l s  i n t o  a narrow cone d i r e c t e d  
completely i n t o  t h e  s c a t t e r i n g  chamber, and t h a t  t h e  d e t e c t o r  views a small 
volume given by t h e  averaged geometric c r o s s  s e c t i o n  of t h e  l i g h t  beam 
and t h e  l eng th  e as i n d i c a t e d  i n  Figure37a t h e  amount of l i g h t  absorbed i s  

dla = SIou(v)  ndg(v)dv (25 1 

where n i s  t h e  p r e v a i l i n g  number d e n s i t y  of sca t te re r ,  and a ( v )  i s  the  
a b s o r p t i o n  c r o s s  s e c t i o n  a t  frequency v. Commonly, t h e  a b s o r p t i o n  c r o s s  
s e c t i o n  i s  given by i t s  Doppler shape 

where oo  i s  t h e  a b s o l u t e  c r o s s  s e c t i o n  i n  t h e  c e n t e r  of t h e  l i n e ,  vo i s  t h e  
frequency a t  the  l i n e  c e n t e r ,  and VD i s  t h e  Doppler width. I t  may be noted 
however, t h a t  f a r  from t h e  c e n t e r , t h e  a b s o r p t i o n  c r o s s  s e c t i o n  given by 
t h e  n a t u r a l  l i n e  width i s  g r e a t e r  t hen  t h e  Doppler c r o s s  s e c t i o n ,  s o  t h a t  
t h e  above expres s ion  ho lds  only a t  f r equenc ie s  c l o s e  t o  the  c e n t e r  of t h e  
l i n e .  I f  t h e  o v e r a l l  number d e n s i t y  i n  t h e  s c a t t e r i n g  chamber is s u f f i -  
c i e n t l y  low so  t h a t  c o l l i s i o n a l  quenching c a n  be neg lec t ed ,  a l l  of t h e  
absorbed r a d i a t i o n  is  emit ted o m n i d i r e c t i o n a l l y  as s c a t t e r e d  r a d i a t i o n ,  so 
t h a t  d I a  = d I s .  
a f r a c t i o n  a of t h e  t o t a l  s c a t t e r e d  l i g h t .  Thus, t h e  i n t e n s i t y  received 
by t h e  d e t e c t o r  i s  

Due t o  geometric f a c t o r s ,  t h e  d e t e c t o r  w i l l  r e c e i v e  on ly  

dlS = ctVIono(v)g(v)dv (27) 
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where V = S 2 is  t h e  viewed s c a t t e r i n g  volume. The t o t a l  s c a t t e r i n g  
i n t e n s i t y  received by t h e  d e t e c t o r  i s  t h a t  obtained by i n t e g r a t i n g  ove r  
t h e  frequency domain: 

Is = aVIon s a ( i f ) g ( v ) d v  = (28) 
0 

I t  can be seen  t h a t  t h e  i n t e g r a l  r e p r e s e n t s  an  average over t h e  abso rp t ion  
c r o s s  s e c t i o n  a ( v ) .  Accordingly,  t h e  average o r  e f f e c t i v e  a b s o r p t i o n  
c r o s s  s e c t i o n  is denoted by a. 
appa reh t  t h a t  t h e  most e f f e c t i v e  l i g h t  sou rce  would be one t h a t  maximizes 
t h e  product  of t h e  i n t e n s i t y  and t h e  l i n e  shape such t h a t  t h e  product  Io& 
i s  a maximum. There fo re ,  t h e  most e f f e c t i v e  l i g h t  source c o n d i t i o n s  can  
be determined expe r imen ta l ly  by observing t h e  s c a t t e r e d  l i g h t  s i g n a l  and 
l o c a t i n g  i t s  maximum as a f u n c t i o n  of d i scha rge  source parameters. This  
has been t h e  main procedure i n  t h e  p r e s e n t  work i n  o r d e r  t o  e v a l u a t e  t h e  
t h r e e  resonance sources  under c o n s i d e r a t i o n .  

With t h i s  r e p r e s e n t a t i o n ,  i t  becomes 

3. F e a s i b i l i t y  C a l c u l a t i o n s  

The EMR 541 uv s e n s i t i v e  pho tomul t ip l i e r  d e t e c t o r  employed i n  t h e  
p r e s e n t  s t u d i e s  f e a t u r e s  a cathode conversion e f f i c i e n c y  y of about  y = 
0.05 a t  l470g. 
due t o  a d d i t i o n a l  windows occur ,  and when t h e  p h o t o m u l t i p l i e r  i s  ope ra t ed  
i n  t h e  pu l se  coun t ing  mode and p u l s e  he igh t  d i s c r i m i n a t i o n  i s  used. With 
t h e s e  c o n d i t i o n s ,  t h e  e f f e c t i v e  e f f i c i e n c y  i s  y a 0.01. The geometric 
f a c t o r  a i n  Equation (28) can be e s t ima ted  f o r  t h e  p r e s e n t  system as 
Q m 0.01. 
e f f e c t i v e  s c a t t e r i n g  c r o s s  s e c t i o n  must be less than  t h a t  v a l i d  f o r  t h e  
c e d t e r  of t h e  a b s o r p t i o n  l i n e ,  no - cv 2 x lO'l2 cm2. Indeed, t h e  previous 
s t u d y  (Ref. 9 )  i nvo lv ing  t h e  dc l i g h t  source i n d i c a t e d  t h a t  6 X lO-l4 c m  . 
The l i g h t  i n t e n s i t y  f o r  t h a t  source w a s  e s t ima ted  as I = 1 x 1010 photons/ 
cm2 but  it has s i n c e  been found t h a t  t h e  l i t h i u m  f luorPde windows i n  t h e  
s c a t t e r i n g  chamber had d e t e r i o r a t e d  t o  less than  h a l f  t h e i r  o r i g i n a l  t r a n s -  
mi t t ance .  
lamp. The count r a t e  observed wi th  t h e  d e t e c t o r  i s  then  given by 

Th i s  f i g u r e  must be lowered however, when r a d i a t i o n  l o s s e s  

S i m i l a r l y ,  t h e  viewed s c a t t e r i n g  volume is  V = 1 cm3. The 

2 

Accordingly,  one can  s e t  Io % 5 x 1O1O photons/cm2 f o r  t h e  dc 

For example, a t  a p r e s s u r e  of 1 x t o r r  t h e  number d e n s i t y  a t  3OO0C 
i s  e3 x lo9 ~ m ' ~ . .  The corresponding count  rate would be 150 coun t s / sec .  

Consider now t h e  d e t e c t o r  n o i s e  l e v e l .  It w a s  observed t h a t  back- 
ground s c a t t e r i n g  off the  w a l l s  of t h e  s c a t t e r i n g  chamber w a s  n e g l i g i b l e  
f o r  t h e  dc l i g h t  sou rce  i n  comparison wi th  t h e  d a r k  c u r r e n t  of t he  d e t e c t o r  
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which amounted t o  10 coun t s / sec  when t h e  p u l s e  h e i g h t  d i s c r i m i n a t o r  w a s  
s e t  t o  a n  optimum l e v e l .  Accordingly,  i f  a s i g n a l  t o  n o i s e  r a t i o  of 
u n i t y  i s  a c c e p t a b l e ,  t h e  lower l i m i t  d e t e c t a b l e  xenon number d e n s i t y  i s  
about  2 x 108 cm-3, corresponding t o  about  6 x 10-9 t o r r .  
w i th  t h e  w e  of t h e  dc li source and t h e  
t h e  u l t r a - l i g h t  vacuum ra cannot be cove 
l i g h t  source i n t e n s i t y ,  o r  t h e  d e t e c t o r  s e n s i t i v i t y ,  o r  both must be 
improved. 

Ev iden t ly ,  

Recently,  Bendix has  made commercially a v a i l a b l e  a unique dev ice  
s p e c i f i c a l l y  s u i t e d  f o r  photon count ing i n  t h e  vacuum u l t r a v i o l e t  s p e c t r a l  
r eg ion  named t h e  Channeltron UV Photon Counter. Th i s  u n i t  f e a t u r e s  a n  
a m p l i f i c a t i o n  d i f f e r e n t  from t h e  customary dynode c h a i n  and produces 
e s s e n t i a l l y  no da rk  c u r r e n t  o t h e r  than t h a t  from t h e  photocathode. If 
operated a t  high ga in  (approximately lo8) t h e  quas i exponen t i a l  p u l s e  
h e i g h t  d i s t r i b u t i o n ,  c h a r a c t e r i s t i c  f o r  most m u l t i p l i e r s ,  i s  changed 
t o  a Gaussian d i s t r i b u t i o n  d i sp laced  from t h e  o r i g i n ,  so t h a t  a much 
more e f f e c t i v e  p u l s e  h e i g h t  d i s c r i m i n a t i o n  a g a i n s t  t h e  da rk  c u r r e n t  
c a n  be achieved.  I n  a d d i t i o n ,  t h e  Bendix Channeltron Photon Counter 
i s  equipped w i t h  a n  opaque photocathode r a t h e r  t han  a t r a n s p a r e n t  one as 
f e a t u r e d  by t h e  EMR pho tomul t ip l i e r .  The opaque photocathode ach ieves  
a h ighe r  conversion e f f i c i e n c y  of about  10 pe rcen t .  Both f a c t o r s  are 
est imated t o  r e s u l t  i n  a n  improvement by as much as a f a c t o r  of one 
hundred over t h e  ENR p h o t o m u l t i p l i e r .  This  would place t h e  lower l i m i t  
p r e s s u r e  a t  6 x t o r r .  Although t h i s  p r e s s u r e  i s  low enough t o  
p e r m i t  coverage of most of t h e  u l t r a - h i g h  vacuum domain by resonance 
s c a t t e r i n g  techniques,  it i s  not  y e t  s u f f i c i e n t  t o  a l low an assess- 
ment of t h e  2,ow p r e s s u r e  n o n l i n e a r i t y  of a n  i o n i z a t i o n  gauge. It i s  
apparent  t h a t  more i n t e n s e  and/or  more e f f e c t i v e  l i g h t  sou rces  are 
requ i r ed .  The remainder of t h i s  r e p o r t  i s  devoted t o  an  i n v e s t i g a t i o n  
i n t o  t h a t  a s p e c t .  

4.  Apparatus 

The s c a t t e r i n g  appa ra tus  is shown i n  F igu re  3%. I t s  d e t a i l e d  d e s -  
c r i p t i o n  was given p rev ious ly .  B r i e f l y ,  it c o n s i s t e d  of a s t a i n l e s s  s t e e l  
c y l i n d r i c a l  chamber provided w i t h  a 5 - inch  f l a n g e  f o r  t h e  at tachment  of 
a l i g h t  sou rce ,  a n  a d j a c e n t  d e t e c t o r  compartment, and two Wood's horns 
made of g l a s s ,  one o p p o s i t e  t h e  l i g h t  source and one oppos i t e  t h e  d e t e c -  
t o r .  The chamber w a s  connected t o  a high vacuum system. The i n c i d e n t  
l i g h t  beam passed two sets of confinement ba r s ,  t h e  f i r s t  of which c a r r i e d  
a l i t h i u m  f l u o r i d e  window. The r e s u l t i n g  dead space w a s  evacuated w i t h  an 
a u x i l i a r y  mechanical pump. The d e t e c t o r  compartment w a s  i s o l a t e d  from 
t h e  chamber by a n o t h e r  l i t h i u m  f l u o r i d e  window, and w a s  pumped s e p a r a t e l y  
t o  a h igh  vacuum so  t h a t  a b s o r p t i o n  of a i r  and p o s s i b l e  a r c i n g  from h igh  
p o t e n t i a l s  were avoided. 
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The d e t e c t o r  was AnEMR 541 H pho tomul t ip l i e r .  I ts  copper iod ide  
photocathode is  i n s e n s i t i v e  t o  v i s i b l e  l i g h t  and has  a maximum response 
i n  the  vacuum uv s p e c t r a l  reg ion .  
-3000 v o l t .  The d e t e c t o r  was used e t t h e r  i n  t h e  dc o r  i n  the  pu l se  
count ing  mode. 
Kei th ley  picoammeter; i n  t h e  l a t t e r  c a s e  t h e  s i g n a l  was processed wi th  
Hamner.equipment and i n t e g r a t e d  with a r a t e  meter. The s i g n a l  for both 
systems was recorded with a Leeds and ao r th rup  s t r i p - c h a r t  r eco rde r .  

The a p p l i e d  cathode p o t e n t i a l  was 

I n  t h e  former c a s e  the4 c u r r e n t  was observed with a 

Three d i f f e r e n t  types of p re s su re  gauges were used t o  monitor p re s -  
s u r e s  i n  the  l i g h t  sources  and i n  the  chamber: a convent iona l  McLeod 
gauge covered t h e  p re s su re  range 1 t o  t o r r ;  two c a l i b r a t e d  thermo- 
couple  gauges were used i n  t h e  1 t o  20 t o r r  and t h e  t o  10-1 t o r r  
r e g i o n s ;  and a Veeco i o n i z a t i o n  gauge was used f o r  t he  lom3 t o  10-6 t o r r  
range.  The i o n i z a t i o n  gauge served mainly t o  monitor t he  progress  i n  
evacuat ing  t h e  chamber, because i t  was found t h a t  d e s p i t e  a c a l i b r a t i o n  
f o r  xenon, i t s  response was o f t e n  s lugg i sh  and e r r a t i c .  To achieve  a 
b e t t e r  c o n t r o l  of t h e  xenon p a r t i a l  pressure i n  t h e  s c a t t e r i n g  chamber, 
xenon was introduced a s  a xenon-helium mixture  of 1/1000 r a t i o .  Then 
p res su res  could be measured convenient ly  with the  McLeod o r  a c a l i b r a t e d  
thermocouple gauge. 

5. Light  Sources 

The t h r e e  l i g h t  sources  examined were a smal l  c a p i l l a r y  dc d ischarge  
source ,  an ac  t r i g g e r e d  pulsed d ischarge  lamp, and an e l e c t r o d e l e s s  micro- 
wave d ischarge  lamp. These sources  w i l l  now be descr ibed .  

The dc lamp had been i n v e s t i g a t e d  p rev ious ly  and was used mainly f o r  
comparisori. It is  shown schemat ica l ly  i n  Figure 38. This  source  f e a t u r e s  
a c a p i l l a r y  25 mm long and 1 mm i n  diameter .  
c a p i l l a r y  end and t h e  sapphi re  window is  2 .5  mm. The source  i s  connected 
t o  a 1500 v o l t  dc power supply v i a  a 5 megohm v a r i a b l e  r e s i s t o r ,  and 
draws a c u r r e n t  up t o  1 mil l iampere.  The a t t r a c t i v e  f e a t u r e s  of t h i s  
source  a r e  i t s  compactness, s i m p l i c i t y  of o p e r a t i o n ,  and the  small  angular  
spread (approximately 10 degrees)  of the  emi t ted  r a d i a t i o n .  I ts  draw back 
i s  t h e  r e l a t i v e l y  l o b  l e v e l  of emi t ted  i n t e n s i t y .  

The spac ing  between t h e  

The geometry and dimensions of t he  a c  pulsed source a r e  shown i n  
F igure  39. This  source  has  been used f r e q u e n t l y  by Tanaka. It f e a t u r e s  
a water  cooled c a p i l l a r y  16 mm long and 7 mm i n  diameter  and is made 
e n t i r e l y  of quar tz .  The e l e c t r o d e s  a r e  made from high  p u r i t y  c o i l e d  
aluminum wire connected to  a n  a p p r o p r i a t e  qua r t z  t o  metal  feedthrough s e a l .  
The qua r t z  body of t h e  source  i s  f a s t ened  t o  a b r a s s  f l ange  with epoxy 
cement. A 7 mu i .d .  g l a s s  tube sea l ed  o f f  with a s apph i re  t o  a second 
f l ange  was used i n  conjunct ion  wi th  t h e  f i r s t  f l a n g e  t o  reduce t h e  dead 
space  between the  d ischarge  and the  sampling window. The gas  flow through 
t h e  source  was maintained wi th  a mechanical pump and r e g u l a t e d  wi th  needle  
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valves .  The a c  source  was powered by a 15000-volt  t ransformer ,  a c t i n g  on 
a bank of t h r e e  0.001-microfarad c a p a c i t o r s  connected i n  p a r a l l e l ,  and an  
a d j u s t a b l e  spa rk  gap i n  series wi th  the  d ischarge .  

The microwave? d ischarge  source  cons i s t ed  of  a 12.5 mm diameter  q u a r t z  
t o  pyrex graded s e a l  a t t ached  t o  an  appr 
coupl ing.  It was powered from a 2450 me 
us ing  an  EvenSon 'cavi clamped around t 
tube. Cooling was e f  c t e d  by means of a compressed a i r  s t r t i a  
a c  source ,  t he  gas flow was maintained wi th  a mechanical pump 
t r o l l e d  by needle  va lves .  
(1) wi th  a window placed on to  the  f l a n g e ,  and (2) with a w ow a t  t he  end 
of a tube p e n e t r a t i n g  i n t o  the  d ischarge  r eg ion  s i m i l a r  t o  s a p p l i c a t i o n  
with t h e  a c  source .  I n  t h i s  manner the  e f f e c  s l a y e r  through 
which the  r a d i a t i o n  had t o  pass  could be demo 
a r e  shown schemat i ca l ly  i n  F igure  40. 

Ihe microwave source  was used i n  two ways; 

6 .  R e s u l t s  

On t h e  b a s i s  of prev ious  exper ience  i t  was expected t h a t  t h e  xenon 
p res su re  i n  t h e  l i g h t  source  i s  a c r i t i c a l  parameter i n  opt imiz ing  t h e  
source e f f i c i e n c y  f o r  resonance s c a t t e r i n g  experiments .  . I n  Eact ,  si.nce 
t h e  xenon p res su re  determines t o  a l a r g e  e x t e n t  t h e  degree of s e l f -  
r e v e r s a l  p re sen t  i n  t h e  emi t ted  l i n e ,  a r educ t ion  of the,amount of s e l f -  
r e v e r s a l  r e q u i r e s  r e l a t i v e l y  low pressures of xenon. Under these  con- 
d i t i o n s  t h e  d ischarge  must be s t a b l i z e d  by t h e  a d d i t i o n  of an  i n e r t  
c a r r i e r  gas .  
rier. The de termina t ion  of optimum cond i t ions ,  t h e r e f o r e ,  r equ i r ed  a n  
i n v e s t i g a t i o n  of t h e  e f f e c t  of t he  two gas p r e s s u r e s  involved,  t h a t  of 
xenon and t h a t  of helium. An a d d i t i o n a l  parameter a f f e c t i n g  the  u s e f u l  
i n t e n s i t y  of the  l i g h t  source  i s  t h e  d i scha rge  c u r r e n t  o r ,  i n  t he  case  
of t h e  microwave d i scha rge ,  t h e  absorbed power. 

In  t h e  p re sen t  experiments  hel ium was employed a s  t h e  c a r -  

To i n v e s t i g a t e  t h e  in f luence  of t hese  parameters ,  t h e  xenon p res su re  
i n  t h e  s c a t t e r i n g  chamber was kept  cons t an t  a t  approximately 1 x 
and the  s c a t t e r e d  l i g h t  was observed wi th  the  pho tomul t ip l i e r  d e t e c t o r  
opera ted  i n  the  dc mode. 
l i g h t  i n t e n s i t y  wi th  t h e  hel ium p res su re ,  a l l  o t h e r  parameters  being k e p t  
constant. The optimum helium p res su re  i s  somewhat lower for t h e  microwave 
and the  a c  pulsed l i g h t  s p u r c e s  (1 t o  3 t o r r )  than  f o r  t he  dc lamp which 
maximizes a t  8.5 t o r r ,  bu t  t h e  maxima a r e  r a t h e r  f l a t  i n d i c a t i n g  t h a t  
t h e  hel ium press 'ure adjustment  i s  no t  c r i t i c a l .  

t o r r ,  

F igure  41 shows the  v a r i a t i o n  of s c a t t e r e d  

By c o n t r a s t ,  t he  dependence of the  optimum performance upon the  
xenon p a r t i a l  p re s su re  i s  more pronounced a s  demonstrated i n  Figure 42. 
It i s  seen  t h a t  f o r  the microwave and t h e  a c  pulsed l i g h t  sou rces  t h e  
optimum xenon p res su res  a r e  by about  an  o r d e r  of magnitude h ighe r  than  
f o r  t he  dc d ischarge .  This  behavior  i s  probably r e l a t e d  t o  a more 
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e f f i c i e n t  e x c i t a t i o n  of  xenon atoms due t o  h igher  c u r r e n t  d e n s i t i e s  a v a i l -  
a b l e  i n  t h e  f i r s t  two types  of d i scha rges  compared wi th  the  l a t t e r .  I n  t h i s  
r e s p e c t  i t  i s  of i n t e r e s t  t o  no te  t h a t  t he  i n s e r t i o n  of a window c l o s e  t o  
t h e  microwave d ischarge  inc reases  t h e  e f f e c t i v e  i n t e n s i t y  without  change 
i n  t h e  optimum xenon pressure .  The optimum pres su re  va lues  f o r  t h e  va r ious  
l i g h t  sources  a r e  dummarited i n  Table X I I .  

The e f f e c t  of  t he  d i scha rge  c u r r e n t  is shown i n  F igure  43.  For t h e  dc 
source  the  i n t e n s i t y  ihc reases  l i n e a r l y  up t o  t h e  r eg ion  where i n s t a b i l i t i e s  
i n  the  d ischarge  c u r r e n t  occur .  The microwave l i g h t  source  i n t e n s i t y  a l s o  
shows a l i n e a r  response with t h e  a p p l i e d  microwave power except  a t  very  
low power l e v e l s  where t h e  d ischarge  would be uns t ab le .  The a c  pulsed 
source could n o t  convenient ly  b e  i n v e s t i g a t e d  wi th  r e s p e c t  t o  c u r r e n t  
v a r i a t i o n ,  buk it was v e r i f i e d  t h a t  a v a r i a t i o n  of t h e  spa rk  gap w i t h i n  t h e  
l i m i t s  of o p e r a t i o n  (1.5 t o  5 mm) d i d  n o t  have any e f f e c t  on t h e  observed 
i n t e n s i t y .  

Although t h e  r e s u l t s  shown i n  F i g u r e s  41 and 42 provide a l r eady  a 
q u a l i t a t i v e  i n d i c a t i o n  of t h e  e f f i c i e n c i e s  of the  i n v e s t i g a t e d  l i g h t  source  
i t  remained t o  determine t h e i r  a p p l i c a b i l i t y  i n  q u a n t i t a t i v e  terms. 
a q u a n t i t a t i v e  e v a l u a t i o n  had a l r e a d y  been made f o r  t h e  d c  source  s t u d i e d  p r e -  
v i o u s l y ,  t he  e f f e c t i v e  i n t e n s i t i e s  of t h e  microwave source  ar,d t h e  a c  
pulsed source  were simply compared with t h a t  provided by the  dc source .  
For t h i s  purpose,  t h e  i n d i v i d u a l  source  parameters  were ad jus t ed  f o r  maxi- 
mum observed s c a t t e r i n g  i n t e n s i t y ,  and the  s c a t t e r e d  r a d i a t i o n  was observed 
with t h e  d e t e c t o r  o p e r a t i n g  i n  t h e  dc mode. The s i g n a l  response was re- 
corded a s  a f u n c t i o n  of the  xenon p res su re  i n  t h e  s c a t t e r i n g  chamber, 
employing the  1 t o  1000 xenon-helium mixture  t o  achieve  s u f f i c i e n t l y  low 
p a r t i a l  p re s su res  of xenon i n  a con;enient manner. The r e s u l t s  a r e  shown 
i n  Figure 44 i n  a logar i thmic  p l o t .  For each l i g h t  source  t h e  obse rva t ion  
p o i n t s  a r e  found t o  l i e  on a s t r a i g h t  l i n e  having  a s l o p e  of u n i t y ,  thus  
demonstrat ing a l i n e a r  response of  t he  s c a t t e r e d  r a d i a t i o n  a s  a f u n c t i o n  of 
p re s su re .  The e f f e c t i v e n e s s  o f  t h e  var ious  l i g h t  sources  i n c r e a s e s  a s  
fo l lows:  dc lamp; a c  pulsed source ;  microwave d ischarge  source  wi th  
window a t  f l a n g e ;  and microwave source  wi th  window i n s e r t e d  c l o s e  t o  t h e  
d ischarge  reg ion .  Although, t h e  a c  pulsed d i scha rge  source  is more e f f e c -  
t i v e  than t h e  dc lamp, i t  i s  n o t  aspowerful a s  a n t i c i p a t e d  on account  of 
t h e  more powerful xenon e x c i t a t i o n .  
t h e  microwave d ischarge  source  opera ted  with t h e  window c l o s e  t o  t h e  d i s -  
charge r e g i o n  t o  reduce s e l f a b s o r p t i o n .  
t h e  microwave lamp provides  a ga in  by a f a c t o r  of  400. S ince  wi th  t h e  dc 
source  the  lower l i m i t  d e t e c t a b l e  xenon p res su re  was 6 x lom9 t o r r ,  when t h e  
EMR pho tomul t ip l i e r  i n  t h e  pu l se  count ing  mode was used, t he  microwave 
source  w i l l  reduce t h i s  l i m i t  t o  a new va lue  of 1.5 x t o r r .  This  i s  
c l e a r l y  low enough t o  span t h r e e  o r d e r s  of  magnitude of  t h e  u l t r a - h i g h  
vacuum pres su re  domain, thus  demonstrat ing t h e  use fu lness  of resonance 
s c a t t e r i n g  f o r  t he  c a l i b r a t i o n  of  a n  i o n i z a t i o n  gauge i n  the  u l t r a - h i g h  
vacuum pres su re  reg ion .  However, f o r  a complete assessment  of non l inea r -  
i t i e s  i n  t h e  response of  an  i o n i z a t i o n  gauge i n  t h a t  p re s su re  r eg ion  i t  

Since  

The most s u i t a b l e  source  i s ,undoubtedly ,  

Compared wi th  t h e  dc l i g h t  source ,  
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TABLE XI1 

OPTIMUM LIGJ3T SOURCE PRESSURES (torr) 

Light Source Xenon 
Pres sure 

He 1 ium 
Pres sure 

DC glow discharge source 0.005 8 . 5  

AC pulsed source 

Microwave discharge source 

Microwave source with window 
inserted close t o  discharge 

0.150 

0.070 

0.070 

2.0 

3.0 

1.0 
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6 

4 

2 

DISCHARGE CURRENT (milliampere) 

1 I I I 1 I I 

MICmWVE SOURCE 

40 80 I 

APPLIED M I C  WAVE POWER ("10) 

- 

nce of scattered l ight  signal ent in dc source, 
rowave power applied to  microwave source. 
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may be d e s i r a b l e  to go to  s t i l l  lower p re s su res .  I n  t h a t  c a s e  a more 
s e n s i t i v e  d e t e c t o r  such a s  t h e  Bendix Channel t ron m u l t i p l i e r  must be 
us id .  

While these  r e s u l t s  p e r t a i n  t o  the  empi r i ca l  op t imiza t ion  of t h e  
d l i g h t  sou rces ,  i t  was a l s o  of  i n t e r e s t  t o  
o f  s e l f a b s o r p t i o n .  For 
n produced by t h e  microw 
e 21-foot  vacuum spec t rograph  a t  t he  A i r  Fo 

Center and compared t o  a s i m i l a r  r eco rd ing  of t h e  dc source  emission.  The 
r e s u l t s  a r e  shorn  i n  F igure  45 a s  dens i tometer  t r a c e s  of t h e  obta ined  
photographic  p l a t e s .  
noted t h a t  t h e  photographic  process  does no t  p r o  
with t h e  i n c i d e n t  i n t e n s i t  , b u t  r a t h e r  propor 

t h e  i n t e n s i t y .  Thus, t i n t e n s i t y  h a l f  wid t  
t h s  taken  d i r e c t l y  from t h e  densi tometer  t r a c e .  It is  e s t ima ted  t h a t  

the h a l f  width of t h e  t h r e e  l i n e s  a r e  0.0658 f o r  t he  dc lamp, 0.0508 f o r  
t h e  microwave l i g h t  source  wi th  t h e  window a t  t h e  f lange ,and  0.0158 f o r  
t h e  microwave source  wi th  the  window placed c l o s e  t o  t h e  d i scha rge  reg ion .  
I n  con junc t ion  wi th  Figure 44 t h e s e  va lues  demonstrate  a dec reas ing  l i n e  
width w i t h  i n c r e a s i n g  e f f i c i e n c y  of  t h e  sou rce ,  i n  accordance wi th  expec- 
t a t i o n .  Moreover, F igure  45 a l s o  shows t h a t  t h e  dc source,  d e s p i t e  t h e  
smal l  p a r t i a l  xenon p res su re  of 5 x t o r r  employed i n  the  source ,  i s  
s t i l l  badly s e l f r e v e r s e d .  For the  microwave source  the  degree of s e l f -  
r e v e r s a l  i s  diminished,  and i t  is e s s e n t i a l l y  e l imina ted  when t h e  window 
is brought  c l o s e  t o  t h e  d i scha rge  reg ion .  

The d i s p e r s i o n  i s  0.062278 per  cm. It should be 

7 .  Conclusions 

A comparison of t h r e e  d i f f e r e n t  xenon l i g h t  sources :  a small de 
glow discharge  lamp, an  a c  pulsed  c a p i l l a r y  sou rce ,  and a microwave 
e x c i t e d  l i g h t  sou rce ,  has  shown t h a t  t he  atomic resonance s c a t t e r i n g  
s i g n a l  observed f o r  o p t i c a l l y  t h i n  cond i t ions  i n  t h e  s c a t t e r i n g  chamber 
i s  h i g h e s t  f o r  t h e  microwave d ischarge  source  opera ted  wi th  a window 
c l o s e  t o  t h e  d i scha rge  reg ion .  This  source  a l s o  produces t h e  l e a s t  
degree of s e l f r e v e r s a l  of  t h e  emi t t ed  xenon resonance l i n e .  
improvement i s  thereby  achieved when compared wi th  the  dc glow discharge  
source  s t u d i e d  previous ly .  If an EMR uv pho tomul t ip l i e r  d e t e c t o r  used 
i n  t h e  pu l se  count ing  mode t h e  lower p re s su re  d e t e c t i o n  l i m i t  of xenon is 
der ived  t o  be 1.5 x 10-11 t o r r .  This  va lue  can s t i l l  be lowered by em- 
p loying  a Bendix Channeltron m u l t i p l i e r .  It is  e s t ima ted  t h a t  t h e  
combination of  a microwave l i g h t  source  and a Bendix Channeltron mul t i -  
p l i e r  df5ec tor  w i l l  make p o s s i b l e  a lower d e t e c t i o n  l i m i t  of t h e  o rde r  of 

s c a t t e r i n g  a s  a technique f o r  t h e  c a l i b r a t i o n  of i o n i z a t i o n  gauges i n  t h e  
u l t r a -h igh  vacuum reg ion  appears  e n t i r e l y  f e a s i b l e .  

A 400-fold 

0” t o r r .  From these  conc lus ions ,  t h e  a p p l i c a t i o n  of xenon resonance 

95 



- 
9 

PD 
A 
N 
v 

1 
# 

96 



The dc glow d i scha rge  source ,  because of i t s  low i n t e n s i t y  i s  n o t  
s u i t a b l e  f o r  t h e  u l t r a - h i g h  vacuum range.  Its v i r t u e s  a r e ,  however, low 
c o s t , .  s t a b i l i t y , c o m p a c t n e s s ,  and e a s t  of o p e r a t i o n ,  so t h a t  it would 
provide a good resonance s c a t t e r i n g  l i g h t  sou rce  under less s t r i n g e n t  
requirements .  The a c  pulsed source i s  cons ide rab ly  more i n t e n s i v e  than  
t h e  dc glow d i scha rge  lamp, b u t  i t  is  less s t a b l e ,  and due t o  t h e  spa rk  
gap o p e r a t i o n  produces h igh  frequency no i se  which i s  a draw back when 
pu l se  coun t ing  techniques a r e  employed. The microwave d i scha rge  has a 
r easonab le  s t a b i l i t y ,  and i t  d e l i v e r s  s u i t a b l e  i n t e n s i t i e s  w i th  a narrow 
l i n e  width. Its o p e r a t i o n  r e q u i r e s  a n  a p p r o p r i a t e  microwave gene ra to r  
which i s  both c o s t l y  and bulky. The p r e s e n t  r e s u l t s  i n d i c a t e ,  however, 
t h a t  t h e  microwave d i scha rge  source  is the  on ly  one of t h e  t h r e e  i n v e s t i -  
gated sources  t h a t  may be s u i t a b l e  f o r  resonance s c a t t e r i n g  experiments 
i n  t h e  u l t r a - h i g h  vacuum range. 
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